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Abstract 
 
H2  is  the  most  abundant  molecule  in  the  interstellar  medium  and  forms  on  the 
surface of interstellar dust grains. Laboratory studies have been conducted of HD 
formation on a dust grain analogue, which is a highly-oriented pyrolytic graphite 
surface held at 15  K, under ultra-high vacuum. The molecules desorb  from the 
surface in a distribution of ro-vibrational states, which are probed using Resonance 
Enhanced Multi-Photon Ionization Spectroscopy. HD in a particular ro-vibrational 
state is ionized using laser photons detected by a time-of-flight mass spectrometer. 
The  HD
+  ion  yields  are  then  data  processed  to  obtain  the  relative  rotational 
populations of HD formed within one vibrational level and an average rotational 
temperature can be found. In this thesis, HD formed in vibrational states v = 3 – 7 
have been studied. This carries on from previous studies of HD and H2 in the v = 1 
and 2 states. Within each vibrational level, the most populated rotational state was 
found to be J = 1 or 2. The most populated vibrational state was found to be v = 4.  
 
The HD experimental results were extrapolated to give the relative ro-vibrational 
population  distribution  of  nascent  H2,  which  provides  a  new  model  for  the 
formation  pumping  of  H2.  This  new  formation  pumping  model  has  been 
implemented into a radiative transfer code, written by Casu and Cecchi-Pestellini, 
which takes into account formation, radiative and collisional pumping mechanisms 
to calculate the total population distribution of H2 in an interstellar cloud and to 
generate H2 spectra. The sensitivity of the H2 spectra to the physical conditions of 
interstellar  dark  clouds,  such  as  cloud  density  and  temperature,  has  been 
investigated. H2 spectra generated using the new experimentally-derived formation 
pumping  model  has  also  been  compared  to  H2  spectra  generated  using  other 
established, theoretically-derived formation pumping models.  
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Chapter One 
            
   Introduction 
 
Hydrogen, in its different forms, is of paramount importance to astronomy because it 
is the most abundant element in the Universe. Hydrogen comprises approximately 
90% of the Universe by number density or about 75% of the Universe by mass [1]. 
The spectral lines of hydrogen are prominent in a great variety of astronomical objects 
and  the  role  of  hydrogen  in  astrochemistry  has  been  a  subject  of  much  study. 
Astronomers have discovered spectral lines from H
+, H-atoms, H2 molecules, H2
+ and 
H3
+ in vast clouds of gas and dust in the space between stars, known as the interstellar 
medium (ISM) [2]. It is from these clouds that stars, solar systems, and ultimately, 
planets like the Earth have formed; thus the chemistry of interstellar clouds has major 
consequences for astronomy.  
 
By far the most abundant molecule found in the ISM is H2. It has long been known 
that most of the H2 detected in the ISM must form on the surface of interstellar dust 
grains [1, 3-6]. However, many aspects concerning the formation of H2 still remain a 
mystery. What is the formation mechanism for the recombination of H-atoms on an 
interstellar dust grain? Is the nascent H2 molecule formed with significant internal and 
kinetic energy and can it be detected? Does the formation process cause heating of the 
dust grain? The answers to these questions could have a significant impact on the 
chemistry of the ISM. The work presented in this thesis investigates these questions 
using a combination of laboratory experiments and astrophysical modelling.    2 
1.1  Interstellar Clouds 
At first glance with the naked eye, the space between the stars seems to be empty. 
Observations with telescopes have shown that this is not the case: in the 18
th century, 
Charles Messier stumbled across faint smudges of light in the sky when looking for 
comets. We now know that these are actually nebulae or interstellar clouds, where gas 
and dust are so close to a star that the gas becomes hot and radiates and the dust 
reflects light. One such interstellar cloud of gas and dust is the Iris Nebula, or NGC 
7023,  shown  in  Figure  1.1.  This  image  of  spectacular  beauty  occurs  because 
interstellar dust grains are very small – about the same size as visual wavelengths – 
leading to blue light being scattered more efficiently than red light to produce the 
glowing blue vista below. 
 
 
Figure 1.1  The Iris Nebula, or NGC 7023, which is about 6 light years across and 
1400 light years away, is located in the constellation Cepheus. Gas and 
dust  surrounds  a  massive,  hot,  young  star.  Filaments  glow  with  red 
photoluminescence as invisible ultraviolet starlight is converted to visible 
red light by dust grains.  The nebula is mostly blue, characteristic of 
reflection of starlight from dust grains, hence NGC 7023 is known as a 
reflection nebula.  
Credit: Jean-Charles Cuillandre (CFHT). Image taken from Astronomy 
Picture of the Day [7], http://apod.nasa.gov/apod/ap051229.html   3 
Spectroscopic  observations  provide  much  of  the  information  that  we  know  about 
interstellar gas. The atoms, ions and molecules in the gas may emit or absorb radiation 
corresponding to transitions between their various energy levels; thus by analysing 
light  from  the  Iris  Nebula  we  can  determine  its  chemical  composition.  Rotational 
effects within the Galaxy can also be used to calculate the mass of interstellar matter. 
Interstellar  gas  is  found  to  have  a  mean  density  of  about  1  atom  cm
-3  [1].  As 
aforementioned, the gas is mainly comprised of 90% hydrogen by number density, as 
well as about 10% helium. Less than 0.1% of the atoms in the interstellar gas are 
carbon, nitrogen, oxygen or other heavier elements. Dust grains make up about 1% of 
the  interstellar  cloud  by  mass,  such  that  the  gas-to-dust  ratio  is  10
12  by  number 
density. This gas-to-dust ratio appears to be constant throughout the Galaxy in all 
regions in the ISM. 
 
Regions in the ISM are loosely defined in a number of ways. For a definitive study of 
the classification of interstellar clouds see Snow and McCall [8]. The major volume of 
the  ISM  is  comprised  of  tenuous  plasma,  known  as  ‘coronal’  gas,  and  is  mainly 
heated by supernovae shocks [9]. It is too hot to contain molecules at a temperature of 
T ~ 10
6 K and has a number density of hydrogen nuclei of nH ~10
3 m
-3. Chemically 
important regions can be classified into those where neutral hydrogen, in molecular or 
atomic form, is the most predominant species (HI regions) or where the hydrogen is 
ionized due to starlight (HII regions).  
 
Another  useful  classification  is  to  make  a  distinction  between  HI  regions:  diffuse 
clouds, where T ~ 100 K, nH ~ 100 cm
-3; dark clouds, where T ~ 10 K, nH ~ 10
4 cm
-3; 
and
  translucent  clouds,  which  are  an  intermediate  cloud  type  between  the  two 
extremes. The material within the clouds is not distributed uniformly, but is ‘clumpy’ 
such that clouds vary greatly in size and density. Clumpiness is due to matter in the 
clouds gravitating towards each other. Consequently these clumps themselves will be 
clumpy and turbulent, thus the values given for temperature and number density of 
hydrogen are not definitive. Together, interstellar clouds constitute only a few percent 
of the volume of the ISM, yet contain most of its mass [9]. Diffuse clouds mainly 
consist of atomic hydrogen because they are the least dense and thus fully exposed to 
starlight,  which  readily  dissociates  any  hydrogen  molecules  [1].  Dark  clouds  are 
relatively dense, hence are not penetrated by ultraviolet (UV) radiation. Dark clouds   4 
are the regions in which most molecules in the ISM are found, and hence are also 
known  as  molecular  clouds.  The  chemistry  of  diffuse  and  dark  clouds  will  be 
discussed in Section 1.8. The whole of the ISM is suffused by the cosmic microwave 
background radiation left over from the Big Bang and also by cosmic rays consisting 
of high energy protons and electrons from various origins such as rotating neutron 
stars and supernovae. The Milky Way Galaxy also contains a weak, ordered, large-
scale magnetic field of ~ 0.1 nT [1]. The diffuse and dark cloud densities may be 
related  in  an  evolutionary  sequence  as  part  of  the  stellar  lifecycle:  diffuse  clouds 
collapse to become dark clouds, which themselves collapse until nuclear fusion is 
ignited to form stars. These stars interact with the ISM via their stellar winds and 
radiation until ultimately star-death occurs and the stars yield their metal-rich content 
back to the ISM. An image of the stellar nursery, or ‘active star forming region’, IC 
1396 can be seen in Figure 1.2. Dark regions can be seen to interact with glowing HII 
regions, where UV photons from hot young stars, born within the folds of the dense, 
dark  regions,  ionize  hydrogen  atoms.  As  the  electrons  and  atoms  recombine  they 
radiate; hence IC 1396 is also known as an emission nebula. 
 
 
Figure 1.2  IC  1396  in  the  constellation  Cepheus.  This  image  was  taken  in  H-Alpha 
emission, in the red part of the visible spectrum. 
Credit:  Nick  Wright  (CfA),  IPHAS  collaboration.  Image  taken  from 
Astronomy Picture of the Day [10], http://apod.nasa.gov/apod/ap050930.html   5 
1.2  Hydrogen in the Early Universe 
Around  3  ×  10
5  years  after  the  Big  Bang,  protons  and  electrons  formed  the  first 
hydrogen and helium atoms in a period of time known as the Recombination Era. 
Ever since then, hydrogen in its atomic and molecular forms has played a leading role 
in shaping the Universe. The early Universe was then extremely hot, at temperatures 
above 1000 K. Hydrogen atoms were able to radiate away some of this heat after 
being ionized, providing an important cooling mechanism so that gases could begin to 
collapse  under  gravity  to  form  the  first  stars  (Population  III  stars)  and  galaxies. 
Cooling mechanisms are essential to allow gravitational collapse because the pressure 
of  hot  gas  resists  further  contraction  unless  heat  can  be  emitted  in  the  form  of 
radiation, both in the early Universe and in the ISM. 
 
Once neutral atomic hydrogen was present in the Universe, radiative reactions led to 
the formation of molecular ions such as H2
+ and HD. H2 was first formed via ion-
molecule exchange reactions involving protons and electrons, with typical reaction 
schemes shown below: 
 
H + e
- ® H
- + hn   
1.1  H
- + H ® H2 + e
- 
or 
H + H
+ ® H2
+ + hn   
1.2  H2
+ + H ® H2 + H
+ 
 
Collisions  of  H2  with  atomic  hydrogen  ensued,  leading  to  the  excitation  of  H2  in 
vibrational  levels  above  v  =  0.  At  the  high  temperatures  of  the  early  Universe, 
vibrational levels were  easily  populated. These excited molecules could then emit 
radiation  through  vibrational  transitions  and  allow  the  gas  to  cool.  H2  is  also  an 
effective  coolant  for  gases  at  T  ~  100  K,  where  collisions  result  in  rotational 
excitation, followed by emission. Hence H2 cooling mechanisms also take place in the 
ISM and remain of great importance to the present day. 
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1.3  Observations of Interstellar Molecular Hydrogen  
Molecular hydrogen was expected to be abundant in the ISM as far back as the 1930s 
by Sir Arthur Eddington, long before it was actually discovered [8]. The problem with 
observing molecular hydrogen in the ISM arises from the fact that H2 is symmetric 
and  homonuclear,  thus  it  possesses  no  “electric-dipole  allowed”  vibrational  or 
rotational transitions. Electric-quadrupole transitions may occur in the infra-red (IR) 
but the probability of these are very small, with the Einstein A coefficient of the 2 – 0 
rotational transition being 3 × 10
-11 s
-1. This corresponds to a lifetime against radiative 
emission of over 1000 years [2]. Hence, although the first molecules were detected in 
the 1930s, namely CH, CH
+ and CN, the H2 molecule was not observed despite its 
much greater abundance [8].  
 
H2 in the ISM could not be successfully observed until the advent of space telescopes 
as many of the IR and UV transitions cannot be seen from ground-based telescopes 
due to telluric lines, which are caused by absorption from molecules in the Earth’s 
atmosphere  [8,  11].  Finally  in  1970,  using  rocket-based  spectroscopy,  Carruthers 
detected  strong  H2  absorption  in  ξ  Persei,  having  observed  far-UV  electronic 
transitions  of  H2  in  the  Lyman  and  Werner  bands  lying  below  111.5  nm  [12]. 
Subsequently in 1972, the Copernicus orbital observatory was launched in order to 
detect interstellar H2 absorption, again via UV spectrometry [13]. In this study, H2 
was discovered in more than 100 lines-of-sight towards diffuse regions. H2 was found 
to possess significant rotational excitation, with the temperature of the gas determined 
to be 81 ± 13 K.  
 
Ground based telescopes first observed emission from H2 in 1976 [14, 15]. These 
observations were of the IR quadrupole emissions of H2 at 2.2 – 2.4  m, in a region of 
the  spectrum  not  obscured  by  telluric  lines.  The  rotational  temperature  of  H2 
determined from these IR observations was found to be T ~ 2000 K. The satellite 
telescope, Far Ultraviolet Spectroscopic Explorer (FUSE, 1999 – 2007) [16], found 
molecular hydrogen in ro-vibrationally excited states using a broader UV wavelength 
than Copernicus in a wide range of astrophysical environments, such as reflection 
nebula and circumstellar gas [8]. Ro-vibrationally excited H2 has also been found via 
observations  at  mid-UV  wavelengths  using  spectrographs  on  the  Hubble  Space   7 
Telescope  (HST)  [17].  The  mechanisms  for  populating  H2  in  such  highly  excited 
states,  often  called  pumping  mechanisms,  are  mainly  via  UV  and  collisional 
excitation in the ISM and are discussed in Section 1.7. 
 
It is much more difficult to detect H2 in dark clouds as there is no UV pumping to 
populate Lyman and Werner bands, hence the only method of direct observation is 
from IR emission due to ro-vibrational transitions. As stated previously, IR lines are 
difficult to observe from Earth due to telluric lines and due to H2 having no dipole 
moment.  Thus,  ro-vibrational  transitions  are  very  weak  in  the  cold  bulk  of  dark 
clouds.  Therefore,  alternative  means  of  determining  the  H2  abundance  have  been 
developed other than direct observations. Many of these techniques involve using a 
tracer species: molecules, or dust, which are easier to detect than H2 and then to infer 
the molecular hydrogen abundance by some proportionality relation [1, 18]. The main 
tracer of molecular gas is CO, which is the next most abundant molecule after H2 and 
possesses a dipole moment of   = 0.11 Debye. CO is rotationally excited by collisions 
with H2 molecules and is easily observed at radio and submillimetre wavelengths with 
ground-based telescopes. In clouds where both H2 and CO molecules can be observed, 
the H2:CO ratio is typically n(H2) = 10
5 n(CO) [1], thus the abundance of H2 can be 
inferred via observations of CO. 
 
1.4  The “Formation Problem” for Molecular Hydrogen 
The  high  abundance  of  H2  in  the  ISM  posed  some  problems  for  astronomers. 
Photolysis of H2 readily occurs such that 10 % of all absorption events of interstellar 
radiation by H2 results in the destruction of the H2 molecule. From rate calculations of 
these reactions, it can be determined that a H2 molecule in a diffuse cloud will have a 
lifetime of ~1000 years, which is very short on an astrophysical timescale [19]. Thus 
there must be an efficient mechanism for the formation of H2 in the ISM to account 
for the high abundance. 
 
In the early Universe, H2 was formed via electron and proton catalysed reactions as 
explained in Section 1.2. However, in diffuse and dark interstellar clouds, protons and 
electrons are sparse, with proton and electron fractions xH+ = xe- = 10
-4 – 10
-7 [20].   8 
Hence  proton  and  electron  catalysed  formation  of  H2  is  very  slow  and  can  only 
account for 1 in 1000 H2 molecules [19]. The direct radiative association of hydrogen 
atoms,  shown  in  1.3  below,  is  also  highly  inefficient.  Although  this  process  is 
perfectly  adequate  in  atmospheric  conditions,  the  low  pressures  in  the  ISM 
dramatically  decreases  the  contact  time  between  H-atoms,  such  that  the  period  of 
vibrational oscillation in the molecule is typically only 10
-13 s, in comparison to a 
transition probability of ~10
-8 s
-1. There is not sufficient contact time for the excited 
hydrogen molecule to radiate away its binding energy of 4.5 eV before it is likely to 
dissociate. This means that the efficiency of molecular hydrogen formation is too low 
to account for observations: only one in 10
5 collisions would result in the formation of 
molecular hydrogen [3].  
 
H + H ® H2 + hn  1.3 
 
A three body reaction, shown in 1.4 below, would be much more efficient for H2 
formation as the third body, M, could remove the excess energy from H2
*. However, 
in the ISM, the low pressures mean that the likelihood of three bodies colliding is 
negligible, hence this reaction is unimportant below H-atom densities of ~10
8 cm
-3 
[1]. Such high densities do not arise in diffuse and dark clouds, although do occur in 
circumstellar environments. 
 
H + H + M ® H2
* + M → H2 + M
*                      1.4 
 
Hence  the  widely  accepted  theory  is  that  H2  molecules  must  be  formed  through 
heterogeneous catalysis on the surface of dust grains in the ISM [3, 5, 11, 14, 21-80]. 
This formation channel was suggested by van de Hulst in 1948, then first modelled by 
Gould and Salpeter in 1963 [5]. This formation mechanism is thought to be highly 
efficient, such that almost all H-atoms adsorbed onto a dust grain leave as part of a H2 
molecule [5, 81].  It is this formation process that is under investigation in this thesis. 
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1.5  Formation of Molecular Hydrogen on Surfaces 
The formation process can be considered in a series of steps: an H-atom adsorbs on 
the surface of a dust grain; diffuses across the surface; reacts with another H-atom; 
possibly  undergoes  processing  on  the  surface;  and  then  finally,  an  H2  molecule 
desorbs. The formation of the molecule releases a binding energy of 4.5 eV. This 
binding  energy  is  partitioned  between  various  modes:  the  internal  energy  of  the 
molecule; the translational or kinetic energy of the molecule and heat that flows into 
the  surface  of  the  dust  grain.  If  the  nascent  molecule  leaves  the  grain  with  some 
internal energy, such that its rotational or vibrational levels are excited above v, J = 0, 
0 or 1, then this excitation process is known as formation pumping and is discussed in 
Section 1.7.1.  
 
At the low temperatures involved in the ISM, sticking probabilities are taken to be 
unity, meaning that any hydrogen atoms colliding with a dust grain will freeze out on 
its surface [14, 42]. An H-atom adsorbs to a dust grain surface either due to van der 
Waals  forces,  which  is  known  as  physisorption,  or  by  the  formation  of  chemical 
bonds, which is known as chemisorption. The mobility of an adsorbed atom depends 
on the strength of the bond to the surface. The adsorbed hydrogen atom then moves 
around  the  surface  via  thermal  hopping  or  quantum  tunnelling  [39]  as  shown  by 
Figure 1.3. The mass of the species is important in this movement around the grain, 
which may imply that the formation of HD will differ from the formation of H2, as the 
mobility of the heavier D-atom will be restricted in comparison to the H-atom.  
 
 
 
 
 
Figure 1.3  Possible methods for an H-atom to diffuse across the surface of a dust grain 
to move from one adsorption site to another adsorption site. 
Thermal hopping 
Tunnelling   10 
There are two main pathways in which molecular hydrogen can be formed, namely 
the Eley-Rideal (ER) mechanism and the Langmuir-Hinshelwood (LH) mechanism, 
which are shown below in Figure 1.4: 
 
 
 
 
The ER mechanism is the simpler process, where one H-atom is adsorbed onto the 
surface and reacts with another still in the gas phase. The molecular hydrogen may 
then desorb from the surface: 
H(ads) + H(g) → H2(ads) → H2(g)  1.5 
 
The LH process requires two H-atoms to be adsorbed; H2 is synthesized on the 
surface and then possibly desorbs: 
H(ads) + H(ads) → H2(ads) → H2(g)  1.6 
 
Figure 1.4  The two possible formation mechanisms for H2 on a surface.   
(a) shows the ER mechanism whilst (b) shows the LH mechanism. 
a) 
 
b) 
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The ER and LH mechanisms are two extremes. The real formation process may be 
better described by the ‘hot atom’ mechanism (HA) [56], which is intermediate to the 
ER  and  LH  mechanisms.  In  the  HA  mechanism,  one  H-atom  is  adsorbed,  and  is 
bound to the surface. However, the second H-atom, although trapped on the surface, 
does not become thermalized with the surface before it reacts with the fully adsorbed, 
already thermalized, first H-atom to form H2. All three of these mechanisms have 
been studied theoretically [14, 41, 42, 50, 52-54, 56, 58, 60, 65-67, 82-85], with most 
work done on the ER mechanism as it is the easiest to model. However, in interstellar 
conditions, the LH mechanism is thought to dominate, since at such low pressures, 
there will be very low coverage of H-atoms. There will be so few adatoms on the 
surface that it is unlikely that a gas phase atom will collide with a pre-adsorbed atom 
on impact with the dust grain.  
 
1.5.1  Theoretical Studies of Molecular Hydrogen Formation 
 
As aforementioned, Gould and Salpeter [5] developed the first theoretical model of H2 
formation in the ISM in 1963. They modelled a ‘dirty-ice’ surface and found that 
between temperatures of 10 – 20 K, the formation of H2 must have recombination 
efficiency  between  0.1  and  1.  Hollenbach  and  Salpeter  [45,  86]  extended  the 
treatment to model dust grains as irregular surfaces and to include H-atoms bound to 
defects. They found that in fact, at low temperatures, below a critical temperature of 
40 – 50 K, recombination efficiency is ~1.  
 
Cazaux and Tielens [38, 39]  found that H2 can form efficiently on dust at  T = 6 – 
300 K. A physisorbed H-atom was found to recombine efficiently with a chemisorbed 
H-atom up to ~ 100 K.  At higher temperatures, the residence time of physisorbed 
atoms on the surface was too short to react and form H2, hence at high temperature 
regions  of  the  ISM,  two  chemisorbed  H-atoms  are  required  to  form  molecular 
hydrogen.  The  reaction  between  two  chemisorbed  H-atoms  was  found  to  be  less 
efficient than the reaction between a physisorbed and chemisorbed atom [38].  
 
An  investigation  into  the  adsorption  of  hydrogen  onto  a  coronene-like  model  of 
graphite was made by Jeloaica and Sidis [87] using density functional theory (DFT).   12 
They found a significant barrier to the chemisorption of H-atoms of ~ 0.2 eV.  This 
barrier  was  later  confirmed  by  experiment  by  Zecho  et  al.  on  a  highly-oriented 
pyrolitic  graphite  (HOPG)  surface  [88].  Jeloaica  and  Sidis  [87]  observed  that 
chemisorption of a hydrogen atom required surface relaxation and was found to only 
occur on atop sites, directly above a surface carbon atom. However, physisorption of 
hydrogen atoms was site independent and there was high mobility of hydrogen atoms 
around the surface. The ER mechanism for H2 formation was compatible with both 
chemisorbed or physisorbed hydrogen atoms. However, the LH mechanism was only 
possible with physisorption, since any chemisorbed atoms could not freely diffuse 
around the surface. 
 
As previously described, the H2 binding energy is redistributed between the internal 
energy of the molecule, the translational energy of the molecule and energy taken up 
by the dust grain surface. The dust grains in the ISM may be formed of carbonaceous 
or silicate material and this is likely to have an effect on this energy partition. A 
recent study on chemisorption and physisorption by Goumans et al. [89] has shown 
that  H2  formed  on  a  olivine  surface,  (Fe,Mg)2SiO4,  should  be  much  less  ro-
vibrationally excited than H2 formed on a graphite surface. The nature of dust grains 
will be described in Section 1.6. 
 
Takahashi et al. [62, 63] used classical molecular dynamics to study the formation of 
H2  on  water  ice  surfaces  via  both  the  ER  and  LH  mechanisms.  The  nascent  H2 
molecules were found to be highly ro-vibrationally excited with significant population 
of the v = 5 – 8 levels. The energy partition was calculated as follows: 70 – 79% of 
the H-H binding energy was converted to vibrational energy of the nascent molecule; 
10 – 15 % into rotational energy; 7 – 12 % into translational energy and only 3 – 5 % 
was absorbed by the ice. Takahashi et al. conclude that as H2 is formed in such highly 
excited states, IR emissions may be observable in regions without a source of UV or 
dynamical excitation. 
 
In  2000,  Farebrother  et  al.  [14]  investigated  H2  formation  proceeding  via  the  ER 
mechanism, by using time-independent scattering calculations on a potential energy 
surface (PES) using DFT. The results indicated that the probability of forming H2 on 
the  graphite  surface  was  high,  which  was  in  agreement  with  classical,  empirical   13 
studies  of  interstellar  clouds  [57,  58].  The  study  by  Farebrother  et  al.  [14]  also 
predicted vibrational excitation of the nascent H2 molecule. For the collision energies 
considered,  it  was  predicted  that  the  vibrational  distribution  of  the  formed  H2 
molecules would peak about v = 2. The same group then investigated further [50] 
using a more 3D approach, where plane-wave DFT was used to calculate the PES. It 
was found that the most likely vibrational states were v = 3 – 5. Most of the molecules 
were found to be highly rotationally excited, with J states up to J = 20 populated. The 
rotational states with the highest population would be J = 8 – 11.    
 
In  2001,  Meijer  et  al.  [42]  performed  calculations  of  H2  formation  on  a  graphite 
surface,  by  employing  a  time-dependent  wave  packet  method.  The  presence  of 
spectator  H-atoms  was  included.  The  H-atoms,  in  the  form  of  a  monolayer 
physisorbed onto the graphite surface, did not associate to form molecules, but had an 
effect on the reaction dynamics. A significant redistribution of the energy was seen to 
occur, even without the excitation of the spectator H-atoms. The excited vibrational 
states of nascent H2 molecules were now found to extend to v = 2 and v = 3. Thus, the 
spectator-graphite  bond  may  be  an  important  reservoir  of  energy,  which  can  be 
released or retained during the desorption of H2 from the surface.  
 
In a further study investigating the LH mechanism in 2007, Kerkeni and Clary [85] 
studied the recombination of H-atoms on a graphene slab. This study also used DFT 
in  order  to  build  a  PES.  Reaction  probabilities  were  calculated  for  H-H  collision 
energies of 1 – 15 meV, thought to be relevant to the ISM. Kerkeni and Clary found 
that the reaction is barrier-less and that the vibrational excitation of H2 molecules 
peaks at v = 8, with significant populations at v = 5 and v = 4. 
 
Work from the Sidis group predicts varying amounts of formation pumping of nascent 
H2 molecules depending on the formation mechanism and modelling techniques used. 
Morisset  et  al.  [56]  investigated  H2  formation  via  the  ER  mechanism  on  planar 
polycyclic aromatic hydrocarbons (PAHs) at low collision temperatures of 5 K. They 
observed vibrational excitation of newly formed H2 up to v = 10, with the higher 
vibrational states being more populated. In a later study, the Sidis group found that 
formation of H2 on a graphite surface via the LH mechanism does not give rise to H2 
in either low vibrational or rotational states [53]. For example, an ER study of two   14 
para-chemisorbed H-atoms of graphite indicates that the average vibrational level of 
nascent molecules should be v = 5 [67]. An investigation of the ER mechanism on 
graphene predicts similar vibrational excitation, with <v> ~ 4 – 5, <J> ~ 2 – 4 [66]. 
The Sidis group have also studied the LH recombination of physisorbed atoms on 
graphene, including the collision of nascent molecules with the graphene wall [65]. It 
was found that nascent molecules have <v> ~ 12 – 14, <J> ~ 10 and that collisions 
result in the conversion of vibrational to rotational energy. Several impacts with the 
graphene wall are needed to cool the molecule.  
 
These theoretical studies have been conducted using models of ‘ideal’ grains, and this 
will affect the applicability of the theoretical results to astrophysical regions in the 
ISM  and  also  to  any  laboratory  experiments  conducted.  Nevertheless,  the  general 
conclusion from the above theoretical studies is that the formation of H2 on a dust 
grain  surface  is  efficient,  and  that  nascent  molecules  may  display  significant 
vibrational and rotational excitation: in other words, formation pumping may occur. 
 
1.5.2  Experimental Studies of Molecular Hydrogen Formation 
 
Laboratory investigations into H2 formation have yielded a variety of results, both 
contradictory and in agreement with the theoretical results. Gough and co-workers 
[15]  investigated  H2  formation  on  carbon  surfaces  at  T  =  90  –  300  K,  with 
temperatures much higher than interstellar dust in diffuse and dark clouds. Gough et 
al. analysed the H
- ion yield from dissociative attachment of electrons to H2(v, J). The 
H2 molecules desorbed from the carbon surfaces were found to be highly vibrationally 
excited  up  to  v  =  7.  However,  the  degree  of  vibration  was  found  to  be  strongly 
dependent on the temperature of the surface, thus these results may not be relevant to 
the ISM. 
 
Lemaire and co-workers [70] studied the ro-vibrational excitation of D2 formed via 
the recombination of D-atoms on a non-porous amorphous solid water (ASW) surface 
held at T = 8 – 30 K. The experiments involve temperature programmed desorption 
(TPD) of molecules from the surface. TPD experiments are carried out by dosing the 
reactant molecules onto a surface, then increasing the temperature of the surface via a   15 
linear or non-linear ramp rate. The molecules that desorb during this TPD experiment 
are detected using a mass spectrometer. Amiaud et al. [70] detected nascent D2 in 
states v = 1 – 7, by scanning the kinetic energy of electrons required to ionize nascent 
D2. Congiu et al. [73] extended the work of Amiaud et al. [70] by showing that D2 is 
not formed with v ≥ 2 on porous ice, hence the molecules are assumed to lose their ro-
vibrational excitation via collisions with the pore walls. Furthermore, D2 was neither 
formed internally excited on non-porous ice nor on porous ice in a regime of high 
molecular coverage, thus Congiu et al. concluded that hydrogen molecules thermalize 
on the surface of dust grains in dark clouds and no formation pumping occurs. Other 
work by the Lemaire group has studied the adsorption and desorption processes of H2, 
D2, HD on ASW [70-75] and confirmed the mobility of D-atoms on ASW at 10 K, 
which implies that recombination of hydrogen atoms and the hydrogenation of species 
on an interstellar dust grain surface may be efficient [76].  
 
Govers et al. [90, 91] studied the adsorption and desorption of H2 and D2 and the 
recombination  of  H-  and  D-atoms  on  a  cryodeposit  on  a  liquid  helium  cooled 
bolometer. The atoms were found to be mobile down to 3 K and recombination of H-
atoms was found to cause desorption of preadsorbed D2 molecules. Zecho et al. [88, 
92-98]  conducted  reactions  of  H-  and  D-atoms  at  T  >  2000  K  chemisorbed  on  a 
graphite surface. The barrier to chemisorption was confirmed and sticking coefficients 
were determined [88]. The graphite surface was etched to create terrace edges on the 
planes of graphite, in order to introduce defects onto the surface. Recombination of 
chemisorbed atoms on the surface was found to be largely independent of the number 
of  defects  on  the  surface,  which  implies  that  recombination  occurs  mainly  at  the 
planar surface of the graphite [98]. 
 
Pirronello, Vidali and co-workers [21-33] carried out TPD studies of H2 formation on 
various surfaces of astrophysical relevance, such as silicate surfaces by using olivine 
as  the  dust  grain  analogue,  amorphous  carbon  surfaces  and  amorphous  water-ice 
surfaces. On olivine, the Pirronello group found that the recombination efficiency was 
lower  than  model-based  estimates  [26].  However,  the  recombination  efficiency 
obtained  by  Pirronello  and  co-workers  could  be  reconciled  with  estimates  of  the 
recombination  efficiency  from  astrophysical  observations  and  models,  if  the  dust 
grains are taken to be rougher and larger than those currently defined in the existing   16 
models. By studying HD formation on olivine as a function of surface temperature, 
Pirronello et al. [24] conclude that there are two main regimes of surface coverage by 
H-atoms that are of astronomical importance, at low surface temperatures. There can 
be a low coverage or a high coverage that is still less than a monolayer. The high 
coverage  regime  exhibited  first  order  desorption  kinetics,  which  means  that  H2 
molecules will form at low temperatures but will not desorb until that temperature is 
raised. The low coverage regime exhibited second order kinetics, indicating that the 
hydrogen  atoms  remain  on  the  surface  as  atoms  and  also  stay  localized  without 
recombining.  The  result  for  the  high  coverage  regime  indicates  that  the  binding 
energy (~4.5 eV) released by the formation of H2 will not cause the molecule to be 
desorbed directly into the gas phase, but that the surface may act as a reservoir for a 
significant amount of energy. In a further study, the Pirronello group also found that 
the recombination of H2 is efficient for olivine held at a range of temperatures 6 K < T 
< 10 K and for carbon surfaces held at a range of temperatures 10 K < T < 20 K [29]. 
 
The Pirronello group also investigated H2 formation on amorphous ice on top of an 
inert  surface  [31],  using  both  low  and  high  density  ASW.  Low  density  ASW  is 
microporous and has a higher surface area to volume ratio than high density ice. Low 
density ASW has a density of 0.94 ± 0.03 g cm
-3 and was obtained by depositing 
water vapour on an inert surface at 77 K, whereas high density ASW has a density of 
1.1  ±  0.1  g  cm
-3  and  was  obtained  by  the  deposition  of  water  on  a  substrate  at 
approximately 10 K. It was found that H2 formation was more efficient on low density 
ASW but also that the efficiency increases at low surface temperatures, at T = 10 K. 
 
The morphology of the dust grain surface is thought to have a significant influence on 
H2  formation.  Hornekaer  et  al.  [46,  47]  carried  out  TPD  studies  of  molecular 
hydrogen formation and desorption kinetics on ASW. A large HD TPD signal was 
obtained from a porous ice surface but little or no signal was obtained from a non-
porous surface. These results were attributed to molecules on the non-porous surface 
desorbing  immediately  after  formation,  hence  none  were  retained  to  be  observed 
during the TPD. On the porous surface, the molecules were thought to be trapped 
within  the  pores,  where  they  thermalize  with  the  surface  and  desorb  only  when 
activated by heating during the TPD. Thus internal excitation of nascent molecules 
would not be expected on porous ice. However, H2 formed on non-porous surfaces   17 
may  be  ro-vibrationally  excited,  if  desorption  occurs  too  promptly  to  allow 
thermalization with the surface.  
 
Other work by Hornekaer et al. [77-80] was carried out on the formation of molecular 
hydrogen  following  the  chemisorption  of  D-atoms  at  T  >  2000  K  on  a  graphite 
surface. Scanning tunnelling microscopy images revealed that there are two distinct 
dimer  adsorption  structures  of  D-atoms  on  the  hexagonal  graphite  ring. 
Recombination  is  only  possible  when  D-atoms  are  bonded  to  carbon  atoms  on 
opposite  corners  to  each  other  on  the  graphite  ring  [78-80].  Nascent  molecular 
hydrogen formed from the recombination of chemisorbed atoms was found to desorb 
with significant velocity normal to the surface, with a very broad translational energy 
distribution, from 0.5 to 3 eV, peaking at ~ 1.3 eV [77]. 
 
1.5.3  The UCL Cosmic Dust Experiment 
 
The subject of this thesis is the Cosmic Dust Experiment, which was built by Perry et 
al. [99-101]. It was initially developed to probe the ro-vibrational distribution of H2 
and HD molecules formed on a highly ordered pyrolytic graphite (HOPG) surface 
below 50 K. Previous work has included the detection of the populations of the ro-
vibrational levels v = 1, J = 0 – 4 and v = 2, J = 0 – 4 for H2 and HD. It was found that 
the  average  rotational  temperature  of  nascent  molecules  is  much  higher  than  the 
surface temperature on which they have formed.  Chapter 2 explains the set-up of the 
experiment, the results of which are given in Chapter 3. Chapter 4 extrapolates the 
experimental  results  to  create  a  new  formation  pumping  model  and  investigates 
whether there is a characteristic signature for formation pumping observable in dark 
clouds. 
 
1.6  Interstellar Dust Grains 
As aforementioned, Charles Messier discovered emission nebulae. His first recorded 
observation of a nebula was in 1758, of an object he called M1, now often referred to 
as the Crab Nebula. In 1784, William Herschel was making a study of nebulae, when 
he discovered there were ‘holes in the sky’. These dark patches are actually due to   18 
dense  interstellar  clouds,  which  lie  in  the  line-of-sight  between  the  observer  and 
background stars, causing a phenomenon known as extinction. An example of a dark 
cloud can be seen below in Figure 1.5. Extinction occurs when starlight is obscured by 
interstellar dust. Thus Herschel had made the first observations of interstellar dust. 
 
 
 
In diffuse clouds, the surface temperature of the grains is ~15 K [44]. In dense clouds, 
the grain temperatures are lower, around 5 – 10 K, due to shielding from background 
photons by the dust and gas. In total, dust grains make up ~ 1% of the mass of the 
ISM. The dust and gas in interstellar clouds can also be at very different temperatures, 
with the gas usually being warmer than the dust. 
 
These dust grains play an important role in interstellar chemistry. The formation of 
molecular hydrogen is catalyzed by dust grains, which provide a third body to take 
away  the  binding  energy  released.  It  is  also  thought  that  other  species  whose 
Figure 1.5  The dark cloud Barnard 68, also known as Lynds Dark Nebula 57, 
about half a light year across and 500 light years away, towards the 
constellation Ophiucus. The dust particles result in the extinction of 
the background visible starlight. 
Credit: FORS Team, 8.2-meter VLT Antu, ESO. Image taken from 
Astronomy Picture of the Day [102], 
http://antwrp.gsfc.nasa.gov/apod/ap090623.html 
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abundance cannot be explained by gas phase formation, such as CH3OH, may have 
formed  on  dust  [103,  104].  As  already  discussed,  the  results  from  astrochemical 
simulations of H2 formation in the ISM are extremely dependent on the nature of the 
dust grains modelled. Not only are the compositon, number density and degree of 
clumpiness of dust grains in a cloud important, but also their porosity (or ‘fluffiness’), 
dimensions and electromagnetic properties. Furthermore, experimental studies have 
shown  that  the  composition  and  morphology  of  a  dust  grain  affects  molecular 
formation  on  a  dust  grain,  adsorption  and  desorption  from  the  dust  grain.  In  the 
experiments carried out as part of this thesis, a smooth graphite substrate has been 
used as a dust grain analogue, which has its limitations. The observational evidence 
concerning the nature of dust grains is described below. 
 
From  studying  elemental  abundances  in  the  interstellar  medium  surrounding  dust 
grains, and observing which elements are depleted, it is possible to conjecture that the 
missing atoms are locked in the dust grains [9]. Stars are known to form from the 
collapse of interstellar clouds, hence the relative abundances of elements in the Sun 
and other stars should be similar to that of interstellar clouds. However, near the star ζ 
Ophiuchi  some  metals,  such  as  Fe,  Ca  and  Ti  have  abundances  much  less  than 
expected relative to the Sun. This depletion can be explained if some of the gas in the 
circumstellar clouds containing these metals cools to form stable solids which can 
then accrete to form dust grains. Similarly, depletion is also observed for carbon such 
that the percentage of carbon present in the dust is thought to be high.  
 
The main source of information on the nature of dust grains is provided by the stellar 
extinction curve, where the optical depth is measured as a function of wavelength, as 
shown in Figure 1.6. Dust causes the most extinction at wavelengths that correspond 
to the size of the dust grain particle [105]. Furthermore, as seen by the image of the 
Iris  Nebula  in  Figure  1.1,  dust  reflects  and  scatters  light,  also  at  wavelengths 
comparable to their size. Thus, particle sizes of dust grains can be calculated, by 
observing the absorption and scattering of UV, optical and IR radiation from dust 
clouds and by modelling the extinction curve. A wide distribution of dust grain sizes 
have been determined, ranging from a few nanometres up to around 1 mm [64]. The 
extinction curve can also give us information on the composition of the grains.    20 
 
Various dielectric materials have been used in models of the extinction curve. From 
these models, dust grains are thought to be composed of either carbonaceous material, 
or silicates or oxides or a combination of all of these. It has been suggested that the 
bump at 4.6  m
-1 in the extinction curve is mainly due to graphite, and Figure 1.6 
shows the contribution to the extinction curve expected to be due to graphite [106]. 
Hence graphite is used in the Cosmic Dust Experiment as an analogue of a dust grain 
surface. 
 
 
 
The  structure  of  silicate  dust  grains  has  been  found  to  be  both  amorphous  and 
crystalline from IR observations by the Infrared Space Observatory (ISO) [44, 64].  
Dark clouds are seen to polarize starlight. This polarization is due the alignment of 
grains causing greater extinction in the axis of alignment. The polarization only exists 
to  a  few  percent  since  the  grains  are  rotating  and  their  orientations  will  also  be 
affected by collisions. The degree of polarization suggests that grains are asymmetric 
by a factor ~2, such that they  are ellipsoid in shape, rather like a  rugby ball. As 
alignment  of  the  dust  grains  are  seen  to  occur,  dust  grains  must  be  magnetically 
susceptible due to the presence of iron and/or oxides. It is also thought that some 
grains must be refractory, and that dust particles are very non-uniform in shape [9]. 
The  dust  is  thought  to  contain  polycyclic  aromatic  hydrocarbons  (PAHs)  [8].  In 
regions where neutral interstellar gas is heated by star, emission lines characteristic of 
Figure 1.6    Plot of the interstellar extinction curve, taken from Mathis et al. [106].   
A dotted line shows the proposed contribution of graphite to the curve. 
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PAHs  are  found  at  wavelengths  between  3  and  11   m.  The  conventional 
interpretations of these findings are that PAHs are excited by UV starlight and then 
emit whilst cooling. 
 
In dark clouds and hot cores, which are dense regions heated by massive stars, IR 
spectroscopy has shown that dust grains are surrounded by a mantle of molecular 
mixed ices (see Figure 1.7). IR absorption features of H2O, CO, CO2, CH3OH and 
other molecules in the solid phase have been detected by ISO in dense regions [64]. 
These  species  take  part  in  chemical  reactions  on  the  grain  and  may  undergo 
processing from cosmic rays and UV photons [103, 107]. Observations of diffuse 
clouds, however, have shown little or no evidence of ices on the grains, due to the low 
density of these regions [44, 64]. 
 
 
 
 
  
 
 
 
Figure 1.7  Schematic of a dust grain in dense clouds, taken from Fraser et al. [103]. 
The typical energetic processes to which a dust grain is exposed in the 
ISM are also shown.   22 
1.7  Pumping Mechanisms of Molecular Hydrogen 
Observations  of  H2  in  the  ISM,  particularly  in  diffuse  and  shocked  regions,  have 
found the molecule to be populated in highly excited ro-vibrational levels within the 
ground state. Copernicus and FUSE data show that in most diffuse clouds there is 
substantial population of H2 in rotational levels up to about J = 6 [8]. This pumping is 
due to UV radiation and is important in both diffuse and translucent regions [108]. 
UV  pumping  occurs  when  H2  absorbs  photons  and  is  excited  to  the  Lyman  and 
Werner  bands.  Subsequent  decay  ensues,  leading  to  either  the  dissociation  of  the 
molecule or the population of ro-vibrational levels in the ground state via quadrupole 
transitions in a radiative cascade. In 10 – 15 % of UV absorption events, the molecule 
will dissociate [109]. The UV pumping mechanism is shown in Figure 1.8 below: 
 
 
 
 
Other H2 pumping mechanisms also occur in the ISM. For example, an H2 molecule 
can be ro-vibrationally excited by impacts with H-atoms, He and other ortho and para 
H2  molecules  [110-114].  These  thermal  collisions  are  particularly  important  in 
shocked  regions  of  the  ISM,  such  as  molecular  outflows  [115].  Also  for  diffuse 
Figure 1.8  The UV pumping mechanism, taken from Hollenbach and Tielens [109].   23 
clouds, collisions of H2 with H-atoms can easily populate the low rotational states 
within the v = 0 level. In dark clouds, UV pumping is negligible due to self-shielding 
by  H2  and  dust.  In  these  dark  regions,  cosmic  rays  can  cause  the  ro-vibrational 
excitation of H2 [116]. Pumping of the H2 molecule can occur directly by the primary 
cosmic ray or via excitation due to secondary electrons, which have energy in the 
range 30 – 36 eV for a cosmic ray proton of 10 – 100 MeV. Other mechanisms to ro-
vibrationally excite H2 include X-ray pumping in XDRs, which are regions where 
neutral gas is exposed to intense X-rays [117], and of course, formation pumping. 
 
1.7.1  Formation Pumping 
 
In 1976, Black and Dalgarno first realized that ro-vibrational excitation of nascent 
molecules may contribute to the IR spectrum of H2 [108]. Hence they created a model 
of formation pumping in which equipartition of the H-H binding energy released was 
arbitrarily assumed. Thus the 4.5 eV is split equally between the internal energy of the 
molecule,  its  translational  energy  on  desorption  from  the  grain  surface,  and  heat 
imparted to the grain lattice. Also the internal energy, assumed to be 1.5 eV, is spread 
with a Boltzmann distribution throughout the ro-vibrational levels, with the ortho-to-
para ratio assumed to be 3.  
 
In another model of formation pumping, Draine and Bertoldi [118] proposed a ro-
vibrational  distribution  function  that  boosts  the  populations  of  vibrational  states 
relative to the population of rotational states. The formation temperature is found to 
be  T  =  5  ×  10
4  K,  the  ortho-to-para  ratio  is  2.78  and  the  mean  vibrational  and 
rotational levels are 5.3 and 8.7 respectively in the Draine and Bertoldi formation 
pumping model.  
 
Classical molecular dynamics and quantum mechanical calculations have been carried 
out  for  H2  formation  on  surfaces  whose  chemical  compositions  are  analogous  to 
interstellar dust grains [5, 14, 38, 39, 41, 42, 49, 50, 52-58, 62, 63, 65-69, 83], but the 
results have been very different, particularly in the predicted vibrational distribution. 
There have also been experimental studies that confirm the formation of molecular 
hydrogen  in  ro-vibrationally  excited  states  [70,  73,  90,  119-121],  although  some   24 
predict  that  formation  pumping  would  not  occur  in  dark  clouds  [73].  The  many 
theoretical and laboratory studies on H2 formation have already been discussed in 
Section 1.5. 
 
There have also been some studies which consider the effect of formation pumping on 
the IR emission spectra of H2. These studies generate IR spectra in order to obtain a 
spectral  signature  of  the  formation  pumping  process.  Duley  and  Williams  [122] 
suggested  a  mechanism  which  differs  from  previous  proposals  in  the  method  of 
stabilization of the reacting complex [122]. The stabilization energy (~ 0.4 eV) is 
transferred to a surface band, whose energy is that of the OH stretching vibration. The 
Duley and Williams model predicts that the H2 molecule on formation is ejected into 
the gas vibrationally excited (v ~ 6, 7) but rotationally cool (J = 0, 1). As would be 
expected, the intensities of v = 6 lines are found to be considerably greater under the 
Duley and Williams model than in other models, however the fluorescent cascade to 
the emission was not taken into account to produce the spectra.  
 
Le Bourlot et al. [123] generate H2 spectra for three different formation pumping 
distributions. The first adopts the equipartion of the binding energy and statistical 
distribution of the work by Black and Dalgarno [108]. The second postulates that no 
energy is transferred to translation or to dust lattice modes, so H2 is formed in its 
highest vibrational level, v = 14, close to the dissociation threshold, with J = 2 and 3, 
weighted by the nuclear spin statistics. The third adopts the scheme by Duley and 
Williams with v ~ 6, 7 [122]. Le Bourlot et al. present spectra for pure formation 
pumping of H2, also including excitation by secondary electrons from cosmic rays, 
but do not include UV pumping. They identify spectral lines that may help distinguish 
between  formation  pumping  models,  but  find  that  the  spectra  are  not  observable 
unless  there  is  a  high  cosmic-ray  ionization  rate  of  ζ  =  10
-14  s
-1,  rather  than  the 
standard rate of ζ = 10
-17 s
-1. 
 
H2 spectra were presented by Tine et al. [20] based on ER quantum calculations by 
Farebrother et al. [14] and Meijer et al. [42]. Tine et al. predicted H2 ro-vibrational 
emission  line  intensities  for  representative  points  in  diffuse  and  dark  interstellar 
clouds in a chemical steady state, taking into account collisional and UV processes. 
Takahashi and Uehara [68] investigated the effects of formation pumping on the IR   25 
H2  emission  spectra  produced  in  a  collisionless  gas.  However,  other  pumping 
mechanisms  were  not  taken  into  consideration.  Takahashi  and  Uehara  constructed 
formation pumping models for hydrogen molecules newly formed on icy mantles, 
carbonaceous and silicate dust, based on classical and quantum theoretical studies of 
molecular dynamics [14, 42, 57, 62, 63]. For each of these surfaces there were two 
rotational  distributions  used:  either  a  sharp  distribution,  termed  Model  A,  which 
peaked strongly at the average rotational level; or a less sharp distribution, termed 
Model B. Both Takahashi and Uehara and Tine et al. conclude that spectral lines 
arising from formation pumping should be detectable. Duley and Williams [4] assert 
that the most favourable location to detect a formation pumping signature would be 
from dense, dark, quiescent, star-less cores, where UV pumping is minimized. This is 
supported by Tine et al. [20] who find that the relative emissivities of lines due to 
formation pumping in dense clouds can be a factor of 500 greater than in diffuse 
clouds. However, observations of the dark clouds L1512 and L1498 did not yield any 
detections of spectral lines due to formation pumping. Similary, a study of dark cloud 
Barnard  68  by  Lemaire  and  Field  also  resulted  in  a  non-detection  [73,  124].  In 
Chapter 4, an experimentally derived formation pumping model is developed and IR 
emission spectra of H2 in dark clouds from 7 different formation pumping models are 
investigated. 
 
Although there have been no positive detections of formation pumping in dark clouds, 
a few tentative claims have been made for the observation of formation pumping in 
diffuse regions. Burton et al. [125] ascribe the H2 6 – 4 O(3) emission line at 1.7326 
µm in the diffuse nebula Messier 17 to formation pumping. A marked difference in 
spatial distribution is observed for the 6 – 4 O(3) line and the 1 – 0 S(1),  2 – 1 S(1) 
and 1–0S (7) lines in M17, suggesting that the sets of lines are populated by different 
mechanisms. The spatial distribution and line ratios of the 1 – 0 S(1), 2 – 1 S(1), and 1 
– 0 S(7) emission indicate that they are due to UV pumping. Therefore the 6 – 4 O(3) 
line is not excited by an UV process and is thought to be too high in energy to be 
thermally populated; hence Burton et al. conclude that formation pumping provides a 
significant component to the flux of the line. This may be the first direct astronomical 
observational evidence of H2 formed in the v = 6 state. Measurements of over 30 H2 
lines in reflection nebula NGC 2023 by Burton et al. [126] were also made prior to 
the  M17  observations.  Burton  et  al.  suggest  that  there  may  be  an  excess  of  H2   26 
molecules in the v = 4 state in NGC 2023, that cannot be accounted for by UV or 
collisional  pumping.  However,  these  results  were  not  conclusive  due  to  signal-to-
noise issues. 
 
Wagenblast [127] analysed Copernicus observations of the UV spectra of H2 in states 
v  =  0,  J  =  5,  6  and  7  towards  three  diffuse  clouds.  Wagenblast  found  that  the 
populations  of  these  states  are  not  consistent  with  UV  pumping.  Instead,  these 
rotational states may have been populated by either collisions with H-atoms or by 
formation pumping into high J states. Wagenblast found that if it is assumed that 
formation pumping occurs mainly into only two adjacent rotational states within a 
given vibrational level, then the observed populations may be explained by formation 
pumping into a rotationally hot state, such that J ≥ 7, and into a range of vibrational 
states up to v = 11. 
 
Rosenthal et al. [128] observed near- and mid-IR spectra, from 2.4 to 28 µm towards 
OMC-1  Peak  1  using  the  Short  Wavelength  Spectrometer  on  ISO.  This  study 
provided information on the average gas excitation over an unprecedented range. The 
H2 v = 0, J = 27 state, which is the highest level detected, appears overpopulated with 
respect to an extrapolation of the lower energy level populations. Shock models fail 
by a factor of five to reproduce the v = 0, J = 27 state. It appears that a different 
mechanism  might  be  populating  this  level  and  possibly  other  high  energy  levels. 
Rosenthal et al. suggested the presence of gas phase routes for H2 formation, that 
preferentially produce H2 molecules in highly excited ro-vibrational levels. This gas 
phase route is the associative detachment channel and has already been given in 1.1.  
 
1.8  Chemistry in the Interstellar Medium 
Over 150 molecules have been discovered in the ISM to date [129], both in diffuse 
and in dark clouds. A list of the molecules is provided in Table 1.1. Molecules are of 
great  importance  to  astronomers  because  they  can  be  used  to  probe  astrophysical 
conditions. For example, tracer molecules such as NH3, HC5N and CS become excited 
at high densities only. Therefore emissions from these molecules can be used to infer 
the density of interstellar gas. Molecular emission and absorption can occur from the   27 
UV to the radio, thus molecules can provide information about gas in a wide range of 
excitation. Molecules also provide cooling mechanisms through emission, which is 
vital in reducing the temperature of a dust cloud, facilitating the gravitational collapse 
required for star formation. 
 
In diffuse clouds, where T ~ 100 K, nH ~ 100 cm
-3, there is not much extinction in the 
visual or UV wavelengths. The medium is optically thin, hence radiative processes 
dominate the chemistry. Characteristically, in diffuse clouds, the neutral hydrogen is 
predominantly atomic and simple molecules exist. Diffuse clouds contain H2, as the 
formation mechanism is highly efficient due to heterogeneous catalysis by dust grains. 
UV  photons  from  starlight  can  easily  initiate  photodissociation  of  the  atoms  and 
molecules in diffuse clouds. Species with ionization energy less than that of hydrogen 
(Ei < 13.6 eV) can be ionized, such as carbon and sulphur, whereas those with higher 
ionization energies, such as oxygen and nitrogen are found in neutral form, since the 
higher energy radiation is absorbed by the neutral hydrogen. Simple molecules such 
as CO, S, S
+, CS, CH3, NH, CH
+ and C2H2 have been observed in diffuse clouds [9]. 
There is also evidence of much larger molecules in diffuse clouds. Several hundred 
bands have been found between wavelengths of 443 nm to 1 micron. These diffuse 
interstellar bands (DIBs) are thought to be carried by species on the order of 100 
atoms,  but  as  yet  it  remains  one  of  the  ‘big  questions’  of  astrochemistry  to 
unequivocally pinpoint the particular species which have produced the DIBs.  
 
In dark clouds, also called dense clouds as nH ~ 10
4 cm
-3, or molecular clouds because 
most of the hydrogen is molecular, the dust and H2 provide so much shielding that the 
temperature to falls to T ~10 K. The temperature is maintained by the ionization of 
hydrogen  by  cosmic  rays,  which  sweep  through  the  ISM  at  energies  of  several 
hundred MeV. The low temperatures of dark clouds result in higher molecule column 
densities and richer chemistry. Dust grains in dark clouds are covered by films of ice, 
mostly made up of water and other simple molecules as explained in Section 1.6. 
Associations of dark molecular clouds can result in the formation of Giant Molecular 
Clouds  (GMCs),  which  are  the  largest  known  objects  in  the  Milky  Way  Galaxy, 
containing  up  to  one  million  solar  masses.  GMCs  are  huge  reservoirs  of  galactic 
matter and are incredibly important as they are the stellar nurseries of the Universe.   28 
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 CH4  
HCC-CN 
HCC-NC 
HC(O)CN 
HCOOH 
NHCCC  
NH2CN 
SiH4  
H2COH
+
 
 
 
C5H 
C5N
- 
C2H4  
c-H2C3O 
CH3CN  
CH3NC  
CH3OH  
CH3SH 
H(CC)2H 
H2CCCC 
H2CCNH 
HCC-C(O)H 
HC4N 
 HC3NH
+  
HC(O)NH2 
C5N 
 
 
 
 
 
c-C2H4O 
C6H 
C6H
-  
CH2CH(CN) 
CH2CH(OH) 
CH3NH2  
H3C-CC-H 
HC(O)CH3 
HCC-CC-CN  
 
 
 
 
 
 
 
 
 
 
 
 
C7H 
CH2CCHCN 
CH3COOH 
H2C6 
H(CC)3H 
HC(O)OCH3 
H2C=CH-C(O)H 
H3C-CC-CN 
HOCH
2C(O)H 
H2NCH2CN  
C8H 
C8H
- 
(CH3)2O 
CH3C4H 
CH3C(O)NH2 
CH3CH2CN 
HCC-CC-CC-CN 
CH3CH2OH 
CH3CHCH2 
(CH3)2CO 
CH3(CC)2CN 
H3C-CH2-C(O)H 
HOCH2CH2OH 
CH3C6H 
HCC-CC-CC-CC-CN 
HC(O)OCH2CH3 
C6H6 
CH3CH2CH2CN 
HCC-CC-CC-CC-CC-CN 
 
 
Table 1.1  The molecules observed in the ISM to date, adapted from  
http://www-691.gsfc.nasa.gov/cosmic.ice.lab/interstellar.htm [129]. 
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When dark clouds collapse to become massive stars, hot core regions are formed as 
the molecular regions are warmed by starlight. Unlike the bulk of the dark cloud, 
these hot cores are both dense and warm (T ~ 200-300 K, nH ~ 10
7 cm
-3) as well as 
optically thick, making for a rich chemistry. The high column densities in hot cores 
allow the detection of molecular species that are scarce in other regions of the ISM. 
Hot cores contain large molecular species, the abundances of which are a factor of 10
3 
− 10
5 more than in the cold regions of a dark cloud. Hydrogenation of molecular 
species should occur on the hot core dust grains, eventually leading to the formation 
of large organic molecules on the grain, such as methanol, ethanol, formic acid and 
the sugar glycolaldehyde (HOCH2CHO). 
 
1.8.1  The Role of Molecular Hydrogen 
 
Much of the formation of molecules found in the ISM can be explained using gas 
phase chemistry initiated by cosmic rays. H2 is ionized  by cosmic rays, which leads 
to the formation of H3
+ via the following reactions, where e
- denotes an electron and 
c.r. denotes a cosmic ray [1]: 
 
H2 + c.r ® H2
+ + e
- + c.r  1.7 
H2
+ + H2 ® H3
+ + H 
 
The low proton affinity of molecular hydrogen means that the H3
+ ion readily donates 
H
+ to a large variety of atoms and molecules to give rise to the production of larger 
molecules. The H3
+ ion is required for a large number of reactions, for example in 
reactions with atomic oxygen to form water and the OH radical, which are both found 
in high abundances: 
 
H3
+ + O ® OH
+ + H2 
OH
+ + H2 ® H2O
+ + H 
H2O
+ + H2 ® H3O
+ + H 
H3O
+ + e
- ® OH + 2H 
     ® H2O + H 
1.8 
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The second most abundant molecule in the ISM is CO, of major importance in star 
formation.  At  low  cloud  temperatures  (10  –  100  K)  CO  is  the  most  important 
molecular coolant, radiating excess energy in the millimetre wavelength range. OH 
can react with C or C
+ to produce CO in the following processes: 
 
OH + C ® CO + H  1.9 
 
or 
 
C
+ + OH ® CO
+ + H 
CO
+ + H2 ® HCO
+ + H 
HCO
+ + e
- ® CO + H 
1.10 
 
Simple hydrocarbons, such as CH2, can also be produced via radiative association: 
 
H2 + C
+ ® CH2
+ + hn 
CH2
+ + H2 ® CH3
+ + H 
CH3
+ + e
- ® CH2 + H 
1.11 
 
Molecular formation in the ISM often proceeds through ion-neutral or neutral-neutral 
reactions.  As  the  most  abundant  neutral  species,  these  reactions  are  of  course 
dominated by hydrogen. Reactive elements such as oxygen, nitrogen, carbon, iron, 
silicon  and  sulphur  are  much  more  likely  to  collide  with  hydrogen  in  atomic  or 
molecular form rather than with any other species [1]. 
 
A  reaction  is  more  likely  to  occur  if  an  atomic  species  collides  with  molecular 
hydrogen  rather  than  atomic  hydrogen  [1].  Atom-atom  interactions  occur  on  a 
timescale  too  fast  to  enable  the  excess  energy  on  formation  of  a  molecule  to  be 
radiated away; hence two atoms readily fall apart without stabilizing as a molecule. In 
contrast, reactions between H2 molecules and atoms of other reactive elements, or 
between any molecule and an H-atom, may be more efficient because rearrangements 
can occur such that the excess energy is removed as shown in equations 1.12. 
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Therefore, none of the molecules listed in Table 1.1 would be found in the ISM but 
for the presence of H2, which initiates all of the chemistry in the ISM and is essential 
for the synthesis of larger species.  
 
Formation pumping of H2 could have significant effects on the chemistry of the ISM 
by  increasing  the  overall  energy  budget  of  gas  phase  reactions.  For  example, 
internally excited H2 is likely to form OH and CH
+ in shocked regions [130]. The 
formation of the OH radical is much more likely when O(
3P) reacts with H2 in the v = 
3 state rather than with H2 in the v = 1 state [131, 132]. Furthermore, vibrationally 
excited H2 molecules will be easier to ionize than molecules in the ground state, which 
can lead to an increase in the abundance of the H3
+ ion [1]. Also, in the very early 
stages  of  star  formation,  the  collapse  of  a  molecular  cloud  may  be  facilitated  by 
nascent H2 molecules. If the molecules are formed in excited states, they may undergo 
ro-vibrational transitions to emit radiation, thereby cooling the cloud and accelerating 
collapse  [42]. 
 
H2 may also affect the chemisty of icy mantles on the surface of dust grains. As the 
formation of the H-H bond releases energy, heating of the dust grain may take place. 
Hence, the desorption of volatile molecules from the dust grain surface may occur [4]. 
Gas phase species are known to ‘freeze-out’ onto the surface of dust grains. In dark 
clouds, this ice mantle growth is limited by heating from H2 formation, direct cosmic 
ray heating and cosmic ray-induced photodesorption [133]. The desorption of only 
one  CO  molecule  per  100  H2  formation  events  is  sufficient  for  H2  formation  to 
become the dominant mechanism in limiting freeze-out, which is considered a modest 
requirement  [107].  Therefore,  the  partitioning  of  the  4.5  eV  released  during  H2 
formation between is key to understanding astrochemistry and can be constrained by 
studying the ro-vibrational excitation of nascent H2 molecules. 
 
XH + H 
X + H2 
X + H2 ® XHH  1.12   32 
1.9  Summary 
In this chapter, the background to the Cosmic Dust Experiment has been discussed. 
H2 is the most abundant molecule in the interstellar medium and has been observed to 
form efficiently via heterogenous catalysis on the surface of dust grains. As yet, there 
are still many unanswered questions concerning the formation mechanism of H2. 
 
In particular, it is of great importance to know how the H–H binding energy will be 
partitioned between internal and translational energy of the nascent molecule and the 
energy lost to the dust grain surface during formation. Theoretical and experimental 
studies have shown that this energy partition is strongly dependent on the morphology 
and chemical composition of dust grains. The UCL Cosmic Dust Experiment has been 
designed to probe the ro-vibrational distribution of molecular hydrogen formed on 
surfaces analogous to interstellar dust grains. 
 
The  formation  of  H2  in  ro-vibrational  states  above  v  =  0,  J  =  0,  1  is  known  as 
formation  pumping.  Other  pumping  mechanisms  such  as  radiative  and  collisional 
pumping also occur in the ISM. Formation pumping will have consequences for the 
chemistry that occurs in the interstellar medium and may be observable in the ISM. 
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Chapter Two 
            
Experimental Set-up to Study HD Formation 
 
2.1  Overview 
In Chapter 1, the formation of molecular hydrogen on interstellar dust grains was 
discussed. It is currently unclear how the binding energy of 4.5 eV released by H2 
formation is redistributed in the interstellar medium (ISM). The energy may flow into 
the  dust  grain  surface  on  which  formation  occurs,  or  may  be  manifest  in  the  ro-
vibrational  excitation  of  the  nascent  H2  molecule.  If  the  degree  of  ro-vibrational 
excitation  is  high,  this  may  significantly  affect  the  energy  budget  of  chemical 
reactions in the ISM [1, 2].  
 
The  UCL  Cosmic  Dust  Experiment  probes  the  internal  ro-vibrational  energy 
distribution of a nascent hydrogen molecule, once it has desorbed from an analogue of 
an interstellar dust grain surface. This chapter will describe the experimental set-up 
and  method  employed  in  the  UCL  Cosmic  Dust  Experiment.  The  experimental 
arrangement employed has also been described in detail elsewhere [3-7]. To mimic an 
interstellar environment, the experiment is carried out in vacuo. H- and D-atoms, in 
separate  beams,  are  transported  onto  a  graphite  surface  held  at  15  K.  The  atoms 
recombine  to  form  HD,  which  desorbs  from  the  surface  in  a  distribution  of  ro-
vibrationally  excited  states.  HD  in  one  particular  ro-vibrational  state  is  state-
selectively  ionized  via  Resonance  Enhanced  Multi-Photon  Ionization  spectroscopy 
(REMPI), using UV photons produced by the laser system. The HD
+ ions are detected 
by a time-of-flight mass spectrometer (TOFMS). The yield of HD
+ ions is directly   45 
proportional to the population of the HD ro-vibrational state, after some correction 
factors are included. The process is repeated for HD in many rotational states within 
each vibrational state to give relative populations of the  ro-vibrational  states. The 
experiments carried out within this thesis investigate HD formed in vibrational states 
v = 3 – 7. This thesis follows on from previous work on the design and construction of 
the Cosmic Dust Experiment [5, 6] and studies of H2 and HD formed in vibrational 
states v = 0 – 2 using the Cosmic Dust Experiment [3]. 
 
2.2  Vacuum Set-up 
In order to simulate interstellar conditions as closely as possible, the UCL Cosmic 
Dust  experiment  must  be  conducted  under  ultra-high  vacuum  (UHV)  conditions. 
Molecular clouds, the densest interstellar regions, contain ~ 10
10 hydrogen nuclei m
-3 
which corresponds to a pressure of 10
-13 Torr [8]. Indeed diffuse clouds, where the 
effects  of  H2  formation  are  more  significant  because  there  is  proportionally  more 
atomic hydrogen available, will be even less dense at ~ 10
7 hydrogen nuclei m
-3 [8]. 
However, with the current set-up, a base pressure of only 10
-10 Torr can be achieved 
with both atom sources turned off, as is usual for UHV experiments. To attain this 
low pressure, a vacuum system has been set-up as shown in Figure 2.1. Two vacuum 
chambers are used, one to house the sources of atomic hydrogen and deuterium which 
will be referred to as the ‘source chamber’, and the other to house the highly oriented 
pyrolytic graphite (HOPG) surface, which will be referred to as the ‘target chamber’. 
These chambers are made of stainless steel and are sealed with conflat flanges. UHV 
is achieved using turbomolecular pumps, which have a pumping speed of 400 l s
-1, 
backed by two-stage rotary pumps on both chambers, coupled with selective warming 
of the chamber to return water into the gas phase so it can be pumped away. There is 
also a titanium sublimation pump (TSP) which can be used to coat a chamber wall 
with a clean titanium film. Background H2 molecules adsorb onto the titanium so that 
they are effectively removed from the system, thus lowering the chamber pressure. A 
Penning gauge and an ion gauge are used to monitor the pressures in the source and 
target chambers respectively. 
   46 
   
 
Figure 2.1   Schematic diagram of vacuum chamber set-up (not to scale). 
 
2.3  H-atom and D-atom Sources 
It has been shown in other work [3, 4] that the current H-atom source also produces 
excited H2 which cannot be clearly distinguished from H2 formed on the graphite 
surface. H2 from the H-atom source cannot be eliminated unless the H-atom flux is 
reduced  below  a  detectable  level.  Thus  the  UCL  Cosmic  Dust  Experiment  now 
studies  HD  formation  using  both  H-  and  D-atom  sources.  For  the  experiments 
discussed in this thesis, no ro-vibrationally excited HD has been detected entering the 
target chamber. Also if either the H- or D-source is turned off, no HD is detected. 
Therefore, the HD signals must originate from HD formed on the graphite surface. 
Prior experiments [3, 4], in which the H-atom source did not produce ro-vibrationally 
excited H2, achieved by use of a different microwave generator, have shown that the 
ro-vibrational distribution of nascent HD measured here is very similar to that of 
nascent H2. The differences between the isotopologues will be discussed further in 
Chapter 4. 
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The H- and D-atom beams are created in separate pyrex glass cells, via microwave 
dissociation of high purity H2 and D2 gases. These pyrex cells were passivated before 
installation by being immersed in ortho-phosphoric acid (H3PO4) for over 12 hours, 
then rinsed in distilled water. This minimizes any recombination on the glass walls of 
the  cell  [9].  Copper  radiators  fit  around  the  pyrex  cells  to  transmit  microwave 
radiation  into  the  molecular  gas.  This  type  of  atom  source  was  designed  by 
McCullough  et  al.  [10,  11].  The  H-atom  and  D-atom  sources  are  supplied  with 
microwaves from the same Sairem generator, with the microwave frequency being 
2.45 GHz and the power delivered being 180 W. In order to deliver the microwaves 
efficiently, it is important to minimize the power reflected back to the generator. A 
reflected power of less than 10% was achieved by connecting an external reflected 
power  meter  to  the  microwave  generator,  from  which  Sucoflex  waveguides  were 
connected to either side of the radiator on each source. A photograph of the H-atom 
source is shown in Figure 2.2.  
 
        
Figure 2.2  Photograph of the H-atom source. 
 
The  sources  need  to  ‘warm  up’  for  2  –  3  days  to  achieve  optimum  H  and  D 
production; therefore they are left on at all times. It is estimated that the dissociation 
fraction of the molecular gas is 90% on leaving the source cell [10, 11] and 20% at the 
graphite surface. Experiments have found the H-atom flux reaching the surface is ~ 
10
13 cm
-2 s
-1 [6]. Note that the continuous running of the sources increases the source   48 
chamber pressure to ~ 10
-6 Torr. The resulting pressure is 10
-8 – 10
-7 Torr in the target 
chamber.  However,  this  pressure  increase  is  due  to  pure  hydrogen  atomic  or 
molecular gases, not water vapour, which would be the major contaminant in other 
laboratory studies conducted at similar pressures. Water vapour would readily form 
ice covering the graphite surface. As mentioned before, even the standard UHV base 
pressure of 10
-10 Torr is still several orders of magnitude higher than typical pressures 
of the ISM. 
 
Since the sources are never turned off, there is a system of safety trips in place, which 
may be bypassed if necessary. The safety trips turn off the microwave generator and 
stop  the  gas  flow  to  the  sources  if  the  pressure  in  the  source  chamber  reaches                
≥ 6 × 10
-5 Torr or the pressure in the target chamber reaches ≥ 1 × 10
-5 Torr. The 
temperature of the pyrex cells must be monitored, not only to avoid the apparatus 
overheating, but also because recombination of atoms on the glass surface increases 
with  temperature.  Heat  and  light  sensors  adjacent  to  the  sources  also  activate  the 
safety trips if the cells rise in temperature above 25 °C or if the brightness of the 
plasma in the cells falls below a certain threshold. 
 
The atomic beams are carried separately from the sources and piped up to the graphite 
surface using polytetrafluoroethylene (PTFE) tubing, because PTFE is highly inert 
and has a very low H2 recombination efficiency [12]. The atoms leave the pyrex cells 
via  a  narrow  capillary  to  enter  the  PTFE  tubes  of  outer  diameter  6mm.  The 
‘bottleneck’ ensures that the source cells remain at an optimum pressure of 0.5 Torr 
for maximum dissociation. The H- and D-atom beams collide with the PTFE tubing 
walls as they are transported, so that the atoms are translationally cooled back to room 
temperature. The tube passes through  an opening from the source chamber to the 
target chamber. The hole is surrounded by a brass seal to prevent leakage of gas from 
the source chamber into the target chamber, other than by way of the atom beams. 
This arrangement allows the two chambers to be differentially pumped; the pressure 
in the target chamber stays low, at ~ 10
-8 Torr, whereas the pressure in the source 
chamber is ~ 10
-6 Torr to maintain optimum pressure in the discharge cells. The ends 
of the PTFE tubing are held only 2 mm away from the surface, so that the atom beams 
do not interact with each other before impacting on the surface. This ensures that 
vibrationally-excited HD cannot form in the dissociation cells, or in other parts of the   49 
source chamber or the target chamber, because the H- and D-atoms only meet at the 
target surface.  
 
2.4  Graphite Surface and Cold Head 
As discussed in Chapter 1, dust grains in the ISM are likely to be carbonaceous. In 
order  to  simulate  the  dust  grain  surface  to  a  first  approximation,  highly  oriented 
pyrolytic graphite (HOPG) has been used for these experiments. HOPG has a very 
pure, well-ordered and non-porous surface in contrast to the fluffy interstellar dust 
grains covered by icy mantles. However, it is important to first understand this simple 
system before investigating more complex configurations of carbonaceous material. 
Another  benefit  of  using  HOPG  is  that  there  have  been  many  experimental  and 
theoretical investigations of H2 formation on graphite which may be compared to our 
results [13-32].   
 
The HOPG substrate has dimensions 10 mm × 20 mm × 2 mm and a mosaic spread of 
of 3.5° ± 1.5°. The mosaic spread is a measure of the relative disorder of the atomic 
layers within the graphite, thus a more ordered sample has a lower value of mosaic 
spread. The sample was cleaned using the ‘scotch-tape method’ [33] to expose a fresh 
layer of graphite before attachment to the target mount. The HOPG is also cleaned 
prior  to  each  experiment  by  heating  to  500  K,  which  removes  any  unwanted 
adsorbates from the surface [34, 35]. 
 
The HOPG target must be close not only to the ends of the PTFE tubing but also to 
the laser focus (see Figure 2.3). The laser interaction region is 2 cm directly above the 
surface so that some of the hydrogen molecules desorbing from the substrate will 
encounter UV photons and be ionized. Any newly formed molecules which do not 
reach the laser interaction region will not be detected by the TOFMS. When the ends 
of the PTFE tubing are moved, such that HD molecules form away from the laser 
interaction region, no HD signals are detected. Hence, any detected molecules do not 
collide with the chamber walls or other apparatus before ionization.   50 
                  
 
 
 
 
 
Figure 2.3  Schematic diagram to show the arrangement of the HOPG surface, PTFE tubing, 
TOFMS and the laser focus, where HD molecules are ionized.  
 
The target mount holds the HOPG substrate and is detachable from the coldhead. The 
set-up  shown  in  Figure  2.4  is  designed  to  cool  any  substrate  to  temperatures  of 
interstellar  relevance.  At  present,  the  HOPG  sample  is  cooled  cryogenically  to 
temperatures of 12 – 15 K by a closed cycle helium compressor driving a two-stage 
12 W coldhead, which has a maximum operating temperature of 330 K. The coldhead 
can achieve temperatures of 9 K from room temperature in approximately 45 minutes, 
but  the  sample  cannot  currently  be  cooled  to  T  <  10  K  due  to  thermal  contact 
limitations.  However  this  temperature  range  is  perfectly  suitable  to  simulate 
interstellar dust grains, which typically have temperatures of 10 – 20 K [36, 37]. 
 
Thermal conductivity between the coldhead and mount has been optimized by use of 
a 1 mm thick piece of sapphire. When sapphire is cooled below 50 K, it is a very 
efficient  thermal  conductor  but  when  it  is  heated  above  200  K,  it  is  a  very  poor 
thermal conductor [38]. Hence the HOPG surface can be cooled to 12 K during the 
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experiments and also heated to 500 K before each experiment, allowing the coldhead 
to  remain  in  use  during  cleaning,  without  heating  above  its  maximum  operating 
temperature. It is possible to heat the mount above 1000 K, but studies have shown 
that only 500 K is required to desorb impurities from the surface [35]. The target 
mount  has  a  tantalum  strip  heater  attached  to  raise  the  temperature.  An  N-type 
thermocouple  measures  the  temperature  of  the  surface.  A  silicon  thermodiode 
monitors the temperature of the coldhead. An aluminium radiation shield protects the 
coldhead and target mount from radiative heating emitted from the chamber to keep 
the surface temperature stable at T ~ 15 K. 
 
 
 
              
 
Figure 2.4  Schematic diagram of the HOPG substrate and target mount 
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2.5  Time-of-Flight Mass Spectrometer 
After the HD molecules are ionized in the interaction region of the laser, they are 
detected by time-of-flight mass spectrometry. A schematic diagram of the TOFMS is 
shown in Figure 2.5 and follows the basic arrangement of Wiley and McLaren [39]. 
Advantages  of  using  a  TOFMS  to  detect  the  HD  ions  are  that  it  is  compact  and 
relatively easy to build, entailing neither complex moving parts nor accurate magnetic 
fields.  
 
2.5.1  Principles of Mass Spectrometry 
 
 
 
Figure 2.5   Schematic diagram of the time-of-flight mass spectrometer, where D is the length 
of the drift tube, d is the distance between the middle plate and the drift tube, S is 
the  distance  between  the  repeller  and  middle  plates,  Es  is  the  electric  field 
between the repeller and middle plates, Ed is the electric field between the middle 
plate and drift tube and s is the distance the ion travels to reach the middle plate. 
The microchannel plates (MCPs) are located at the end of the drift tube. 
 
A TOFMS uses a series of electric fields to accelerate ions. The fields are applied to 
cations by holding a series of plates and grids at negative voltages, with the repeller 
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plate and middle plate either side of the ionization region. The repeller plate may be 
held at a small positive voltage or ground. The fields accelerate ions through grids in 
the middle plate and into an area of uniform potential called the drift tube or flight 
tube. At the end of the drift tube is a microchannel plate detector (MCP). A laser pulse 
marks the start time at which HD molecules are ionized and begin travelling down the 
drift tube. Ions of different masses will arrive at the MCP at different times. Thus the 
mass/charge ratio of an ion can be determined by measuring the time of flight of the 
ion through the drift tube using the equation  
C m k t + =   2.1 
where t is the time of flight of the ion, m is the mass of the ion, k is a constant relating 
to the electric fields and dimensions of the spectrometer and C is a constant relating to 
the electronic timing system. The output of the TOFMS is a mass spectrum of ion 
counts detected plotted against ion flight times. Constants k and C are determined 
using calibration experiments, by identifying the species responsible for two peaks in 
the mass spectrum. Equation 2.1 is derived as shown below: 
 
As an ion of charge q moves a distance, s′, through an electric field, E, it acquires an 
energy, U′, given by  
U’  =  q s′ E  2.2 
Thus the total energy, U, acquired by an ion as it moves from its original position in 
the ionization region and through the drift tube to be detected by the MCP is  
U  =  U0  +  q s Es  +  q d Ed    2.3 
where s is the distance the ion travels to reach the middle plate and d is the distance 
the ion travels from the middle plate to the drift tube, as shown in Figure 2.5. There 
are no accelerating fields within the drift tube. The total time of flight of the ion, t, is 
the sum of the time the ion takes to traverse distances s, d and D, where D is the 
length of the drift tube such that 
t  =  ts  +  td  +  tD  2.4 
 
If v0 is the initial velocity of the ion, vs is the ion’s velocity after being accelerated 
through a distance s, and a is the acceleration the ion undergoes due to the electric 
field, Es, then Newton’s laws of motion state that    54 
a   =  ( vs − v0 )  /  ts    2.5 
and  
vs
2  =  v0
2  +  2 a s  2.6 
The above equations can be rearranged to give  
a
v as v
ts
0
2
0
2
1
) 2 ( ± +
=  
2.7 
 
Only the positive root is taken in equation 2.7 because vs must be positive as positive 
ions are always accelerated towards the drift tube. The ± arises in front of v0 as ions 
will be created with initial velocities both towards and away from the detector.  
 
The initial kinetic energy of the ion U0 will be of the form 
U0  =  ½ m v0
2    2.8 
which may be rearranged to find v0 and substituted into equation 2.7 to give 
a m
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Newton’s second law asserts that the net force on a particle is proportional to its 
acceleration, thus 
F  =  m a  =  q Es      2.10 
which implies 
a  =  q Es  /  m   2.11 
Substituting 2.11 into 2.9 gives 
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which can be simplified to 
( ) ( ) ( ) ( )
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s
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2.13 
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Similarly td, the time the ion takes to travel from the middle plate to the drift tube can 
be derived using 
d
s d
d a
v v
t
-
=  
2.14 
where vd is the ions velocity after being accelerated though a distance d and ad is the 
acceleration of the ion as it passes through an electric field Ed. As before, vd is found 
using 
m
dqE
v d a v v
d
s d s d
2
2
2 2 2 + = + =  
2.15 
to yield 
( ) ( ) ( ) 2
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1 2
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2.16 
The ions then travel at constant velocity through the drift tube to give 
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Substituting 2.6 and 2.8 into 2.17 gives 
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Substituting 2.3, this simplifies to 
( )
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2.19 
Thus 2.4 then becomes 
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Equation 2.20 shows that the time of flight of the ion is proportional to root of the 
mass  of  the  ion.  The  time  of  flight  also  depends  on  the  charge  on  the  ion,  the 
dimensions of the TOFMS and the electric fields which are all constant. Additionally, 
there  will  be  delays  from  the  electronics  of  the  detection  system  which  are 
independent of the ion trajectory and are constant, such that   56 
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Thus, the total time of flight of the ion is of the form C m k t + = . 
 
The analysis above may only be applied if all ions are ejected from the ionization 
region at the same time. The voltages on the repeller plate may be pulsed to set the 
ions  in  motion;  however  this  technique  can  often  lead  to  ringing  due  to  sudden 
changes in voltage. The UCL Cosmic Dust experiment avoids this problem by using 
constant voltages and the ionizing laser is pulsed to create the ions simultaneously. 
The start of the pulse also activates the electronic detection system of the TOFMS. 
The pulses from the ionizing laser are 4 ns long during which ions are created. Thus, 
the ions are produced in packets that have a temporal distribution of at least 4 ns 
‘wide’, which will contribute to the peak width of the mass spectra, on detection by 
the MCP.  
 
Peak broadening is the spread in the flight times of ions with the same mass-to-charge 
ratio, so that all ions do not arrive simultaneously to form an infinitely sharp peak in 
the mass spectrum. It is important to minimize the peak broadening, such that the ions 
are detected within a narrow time window. This ensures that the flight times of ions 
with  adjacent  masses  will  not  overlap.  Peak  broadening  is  also  dependent  on  the 
positions of the ions when they were first created or accelerated. Ions formed further 
away from the drift tube form at a higher potential, hence have higher kinetic energies 
and will travel faster down the drift tube. Consequently ions which are formed further 
away from the drift tube catch up with those ions formed more closely to the drift 
tube. There will be some focus distance, and thus some flight time, where the ions 
will draw level with each other, despite their different initial positions, such that the 
time-of-flight spread is small. This focus distance can be expressed as the distance at 
which ions with initial position  s s s d
2
1
0 ± =  from the detector pass ions with initial 
position 0 s s = .  By  differentiating  equation  2.21  and  setting  0
0
= 





s ds
dt
,  we  can 
calculate the electric field required for the ions to arrive coincidently at the particular 
distance of the detector. The voltages on the plates can then be adjusted so that the   57 
ions arrive coincidently in the region of the detector. Minimizing the peak broadening 
with respect to the initial positions of the ions is known as space focusing [39]. The 
UCL Cosmic Dust experiment does not require much space focusing since the HD
+ 
ions are formed in the very small volume of the laser beam waist. 
 
There is also peak broadening in the mass spectrum due to ions having a range of 
initial kinetic energies. For example, consider one HD molecule moving towards the 
drift tube and another HD molecule moving away from the drift tube at the time of 
ionization. The HD ion initially moving away from the drift tube will be decelerated 
by the electric fields, come to a halt, then accelerate towards the drift tube. A time lag 
arises between the two ions, known as the ‘turn-around time’. Minimizing this time 
lag is known as energy focusing [39], and cannot be carried out in the linear TOFMS 
used  in  this  study.  However  in  this  investigation,  peak  broadening  of  TOF  mass 
spectra was employed to infer the translational energy of the nascent HD formed on 
the HOPG surface. Further details on how to calculate an upper limit for the HD 
translational energy is given in Chapter 3 
. 
2.5.2  Plates, Flight Tube and Detector 
 
To ensure that ions do not collide with other molecules as they approach the detector, 
the TOFMS must be in vacuo, hence it is housed inside the target chamber. MCPs 
should be used at pressures ≤ 10
-5 Torr. At higher pressures, MCPs become damaged 
due to ion impacts producing an excess of electrons and electrical discharges.  
 
A schematic of the TOFMS is shown in Figure 2.5. The repeller and middle plates 
both have a diameter of 50 mm and are on either side of the laser ionization region. 
The middle plate is mounted on ceramic spacers 30 mm above the repeller plate and 
30  mm  below  the  drift  tube,  as  shown  in  Figure  2.3  and  Figure  2.5.  For  most 
experiments conducted in this thesis, there was a fine Ni mesh fixed across the middle 
plate. This type of grid allows 98% transmission of the ions and is used to keep the 
electric field uniform throughout the TOFMS. The drift tube is 360 mm long and also 
has grids at each end. However for some experiments, all grids were removed. The 
lack of grids, and thus a decrease in field uniformity, did not make any discernable 
difference to the time-of-flight mass spectra. The spectra did not appear to change   58 
because the ionization region in this experiment is very localized, hence the ions all 
originate from similar initial positions within the field. Nevertheless, the grids were 
later replaced for consistency. 
 
As shown in Figure 2.5, the detector consists of MCPs placed directly above the drift 
tube. The MCP is constructed of tubes, or microchannels, of width 10  m cut at an 
angle  to  the  plate. When  an  ion impacts  on  the  wall  of  a  channel,  an  electron  is 
released. As the electron travels down the plate, further collisions with the channel 
walls  ensue  and  liberate  a  cascade  of  electrons  to  form  a  charge  pulse.  Over  10
4 
electrons are produced per ion impact, which are accelerated 5 mm to the anode by a 
small voltage. The anode is funnel shaped, with its tapered end attached to a wire. 
This gradual change in shape avoids any sudden changes in capacitance which can 
cause electrical interference, known as ringing. The charge pulse is then conducted 
away by the wire and amplified by a series of electronics described in Section 2.5.3. 
 
The repeller plate is grounded, not held at a positive potential as is common for time-
of-flight mass spectrometers. This is so that the repeller plate does not attract any 
photoelectrons, produced due to reflected light from the laser, which may collide with 
the plates to release ions. These ions could then be detected and create noise in the 
mass spectra. The middle plate is held at a voltage of -200 V, the drift tube at -800 V 
and the MCP at -1900 V. These voltages were determined from experiment for space 
focusing. The back of the MCP is held at -50 V and the anode is grounded to attract 
electrons emerging from the MCP. 
 
2.5.3  Electronic Detection System 
 
As previously mentioned, mass spectrometry may only be performed if the ions are 
formed  or  ejected  from  the  ionization  region  simultaneously.  HD
+  ions  are  only 
created when the laser pulse begins and are immediately accelerated by the electric 
fields.  When  the  laser  pulse  is  switched  on,  a  ‘start’  signal  is  sent  by  the  pulse 
generator to the time-to-digital-converter (TDC), which initiates a ‘look window’. The 
look window is the period of time, typically 9  s long, in which ions may impact on 
the MCP and detection may occur. A ‘stop’ signal is sent to the TDC each time an ion   59 
is detected. A signal to ‘end’ the look window is also transmitted from the pulse 
generator to the TDC. 
 
The detection signal, the aforementioned cascade of electrons, travels from the MCP 
and  anode  through  a  system  of  electronics  shown  in  Figure  2.6.  The  signal  is 
processed by an impedance matching circuit, a fast pre-amplifier (Ortec VT120) and 
amplifier  (Ortec  573)  in  order  to  increase  the  signal  strength.  The  signal  is  then 
received by a constant fraction discriminator (CFD) (Ortec 935) which outputs an 
electrical pulse that can be read by the TDC as an ion detection. The ion counts from 
the TDC are then sent via a CAMAC/GPIB interface to a computer, which records the 
number  of  ions  detected  and  the  flight  time  of  each  ion.  TOF  mass  spectra  and 
REMPI spectra, which will be explained in detail in Chapter 3, can be calculated by 
the computer. 
 
 
 
Figure 2.6  Flowchart showing the electronic detection system for the TOFMS. 
 
2.6  The Laser System 
UV photons of the required frequency to ionize HD formed in vibrational states v = 3 
– 7 are generated by a laser system consisting of two different lasers. The primary 
laser is a pulsed Nd:YAG laser, which produces light that is  frequency  tripled to 
pump the Sirah dye laser. The dye laser is tuneable, meaning that it is a source of light 
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of variable wavelengths. The light from the dye laser is then frequency doubled to 
give photons of wavelength 210 – 250 nm. The photons are directed into the vacuum 
chamber  using  beam-steering  optics.  These  photons  are  used  to  state-selectively 
ionize  the  nascent  HD  molecules  formed  on  the  HOPG  surface  via  REMPI 
spectroscopy. The HD
+ ions are then detected by the TOFMS. This section on the 
laser system will describe UV photon generation, beam steering and the use of baffles 
to  minimize  reflected  light  within  the  vacuum  chamber.  The  principles  and 
methodology of the REMPI technique will be discussed in Section 2.8. 
2.6.1  Nd:YAG Laser 
 
The Neodymium: Yttrium Aluminium Garnet laser (Nd:YAG) is a solid state laser. A 
rod of Y3Al5O12 contains impurities of Nd
3+ ions [40]. These Nd
3+ ions are randomly 
distributed within the YAG lattice, residing in sites instead of yttrium ions. Gas phase 
Nd
3+ ions have many degenerate energy levels, but when surrounded by the YAG 
crystal lattice, the energy levels are split to remove the degeneracy. This is due to the 
YAG  lattice  generating  a  ‘crystal  field’  around  the  Nd
3+  ions.  Some  transitions, 
forbidden for gas phase Nd
3+ ions, become allowed for Nd
3+ ions in the lattice. The 
ground and first excited states of the Nd
3+ ions are split into groups of levels, as 
shown in Figure 2.7. 
 
 
Figure 2.7   Energy  level  diagram  for  the  transitions  in  the  Nd:YAG  laser.  n ~  is  the 
wavenumber of the particular level, and is given in cm
-1. 
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The groups of energy levels of the Nd
3+ ion are pumped using two xenon flash-lamps. 
The Nd
3+ ions are excited from the ground 
4I9/2 level to levels above the 
4F3/2 state. 
From these higher levels, there is rapid non-radiative decay to the 
4F3/2 state. Photons 
are then emitted as the Nd
3+ ion decays radiatively from the 
4F3/2 level back to the 
ground state [41]. The most intense laser transition occurs in the infrared at 1064 nm 
and is a superposition of the two transitions shown in Figure 2.7. The YAG matrix 
takes no part in the lasing action.  
 
The laser is forced to produce pulsed laser radiation by use of Q-switching [41, 42]. 
The intensity of light, and thus energy of the pulses, can also be controlled by this 
method. The Q-switch is an electro-optic device known as a Pockels cell inserted into 
the laser cavity. The Q-switch is used to introduce a time-dependent loss in the cavity, 
measured  by  the  Q-factor.  A  poor  Q-factor  means  that  the  cavity  conditions  are 
unsuitable for lasing. The Q-switch can be rapidly turned off and on by an electrical 
signal to the Pockels cell. Whilst the Q-switch is off, the population inversion of the 
Nd
3+ ions increases, until the levels are saturated. Thus the longer a Q-switch is turned 
off, the more intense the resulting laser pulse, until the upper states are saturated. 
When the Q-switch is turned on, a light wave traverses the cavity to stimulate photon 
emission and lasing begins. The Nd:YAG pulses at a frequency of 10 Hz with each 
pulse lasting a duration of 4 – 6 ns. The 1064 nm light is frequency tripled to 355 nm 
by a potassium di-hydrogen phosphate (KD*P, KH2PO4) crystal and a barium borate 
(BBO, β-BaB2O4) crystal. This third harmonic is used to pump the tuneable Sirah dye 
laser when investigating HD in vibrational states v = 3 – 7. A description of higher 
order  frequency  generation  in  non-linear  crystals,  such  as  frequency  tripling  and 
doubling, phase matching and optical mixing can be found in Section 2.6.3. 
 
For the experiments studying HD in vibrational states v = 3 – 7, the 355 nm light 
pulses typically have energy ~ 300 mJ per pulse, although this is reduced to 100 mJ 
per pulse by increasing the delay between the Q-switch and the flash lamp pumping in 
order to conserve the dye in the Sirah laser. For HD in lower vibrational levels, 0 ≤ v 
≤ 2 which were studied in previous experiments [3, 4], the dye laser was pumped by 
the  523  nm  second  harmonic.  The  pulses  at  523  nm  were  generated  via  energy 
doubling, with energies typically ~ 400 mJ per pulse.    62 
2.6.2  Tuneable Dye Laser 
 
In order to photoionize HD in a variety of ro-vibrational states, we require a source 
that can produce photons of a large range of wavelengths. This variable light source is 
the Sirah dye laser, which is pumped by the 355 nm third harmonic of the Nd:YAG 
laser described above. Dye lasers consist of an organic dye dissolved in a solvent such 
as methanol. The dye is excited by the pulses of light from the Nd:YAG laser and 
fluoresces over a broad wavelength range. An advantage of a dye laser is that it is 
tuneable over this broad fluorescence wavelength range [41, 42]. This allows us to 
scan over a range of wavelengths until the ionization signal is found, meaning that 
photons of the correct wavelength to ionize HD have been generated within the scan. 
 
The  Nd:YAG  laser  light  pumps  the  dye  from  the  ground  S0  state  to  S1,  the  first 
excited electronic state, or sometimes to the S2 electronic state, as shown below in 
Figure 2.8. These are all singlet electronic states. 
 
 
Figure 2.8  Energy level diagram for the transitions in a dye laser. 
 
The excited states decay to the lower ro-vibrational levels of the S1 state via non-
radiative collisional relaxation. This leads to a population inversion between the ro-
vibrational levels of the S1 and S0 states. Due to the ro-vibrational levels within each 
state  being  closely  spaced,  there  is  the  possibility  of  many  transitions;  hence 
fluorescence occurs over a broad wavelength range [41, 42]. 
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There are triplet states in the dye which may also affect the laser action [43]. There 
may  be  non-radiative  decay  from  the  S1  to  T1  states,  although  this  transition  is 
quantum mechanically unfavourable. The T1 state may be pumped to the T2 state by 
the same range of frequencies of light that pump the laser transition. Any photons 
absorbed by this T1 ® T2 transition cannot be absorbed in the S0 ® S1 transition, 
which results in a reduction in gain of the laser. This problem can be overcome by 
pulsing the Nd:YAG light. Time between pulses allows the T1 state to decay back to 
the  S0  state;  the  T1  level  is  emptied  before  excitation  to  the  T2  level  may  occur. 
Pumping pulses of less than 1  s duration are required to avoid significant population 
of the T1 level and appreciable loss in laser gain. 
 
The laser dyes chosen for the experiment depend on the wavelength of light required 
to ionize HD in a particular ro-vibrational level. Coumarin dyes were used as they 
produce photons of a large wavelength range of about 440 – 560 nm. These photons 
are frequency doubled, which will be explained further in Section 2.6.3. The dyes 
used are shown in Table 2.1, which also includes the dyes used in the laser system for 
vibrational states v = 0 – 2 studied in previous work [3, 4]. 
 
v  Laser dye 
Wavelength range 
of dye photons (nm) 
Laser system 
0 
Rhodamine  640  mixed 
with Rhodamine 610 
594 – 629  [4]  YAG doubled, dye tripled 
1  Rhodamine 101 (DCM)  607 – 663  [4]  YAG doubled, dye tripled 
2  Rhodamine 101 (DCM)  607 – 663  [4]  YAG doubled, dye tripled 
3  Coumarin 120 (C 440)  429 – 463 [44]  YAG tripled, dye doubled 
4  Coumarin 2 (C 450)  434 – 463 [44]  YAG tripled, dye doubled 
5  Coumarin 102 (C 480)  452 – 500 [44]  YAG tripled, dye doubled 
6  Coumarin 102 (C 480)  452 – 500 [44]  YAG tripled, dye doubled 
7  Coumarin 102 (C 480)  452 – 500 [44]  YAG tripled, dye doubled 
 
Table 2.1  The laser dyes used in the Sirah dye laser, with their alternative names and the 
range of wavelengths of photons they are able to produce. Also shown is the 
set-up of the laser system to show if light from the YAG laser or the Sirah dye 
laser has been energy doubled or tripled by use of the KD*P and BBO crystals.   64 
Coumarin  dyes  degrade  reasonably  rapidly  through  lasing  action  and  need  to  be 
changed approximately every two weeks. To slow down the photo-breakdown of the 
dye, the Nd:YAG laser power is set to 100 mJ per pulse, although greater laser power 
above 300 mJ per pulse can be employed if necessary. For the Nd:YAG laser at 100 
mJ per pulse, the power of the dye laser with Coumarin dyes is about 12 mJ per pulse 
when the dye is fresh, before doubling. 
 
The dye laser consists of an oscillator, a pre-amplifier and an amplifier, all contained 
within dye cells. The beam from the Nd:YAG laser is split by use of dichroic mirrors 
and guided into the different dye cells. The dye cells are made of quartz and contain a 
flow  of  laser  dye,  which  is  pumped  by  the  light  from  the  Nd:YAG  laser.  The 
oscillator and pre-amplifier are contained within the same dye cell, but at different 
heights within this cell.  
 
The  oscillator  is  tuneable,  meaning  that  photons  can  be  produced  at  a  specified 
wavelength, given that the appropriate dye has been used in the Sirah laser system. 
5% of the Nd:YAG beam is passed through the oscillator cell and the dye fluoresces. 
The emerging dye light is directed onto the oscillator. A grating with 2400 lines mm
-1 
acts as the back mirror of the oscillator and only reflects and amplifies light at the 
required wavelength, in a first order reflection. The angle of the grating is computer-
adjusted to select the chosen wavelength.  
 
The beam of light leaving the oscillator cavity passes onto the pre-amplifier, which 
acts to increase the power of the dye beam, but is not a laser cavity itself. The pre-
amplifier is housed above the oscillator in the same dye cell, and consists of dye 
pumped by 10% of the Nd:YAG light. The emerging dye light is then directed to the 
final amplifier cell, which is pumped by the remaining 85% of the Nd:YAG beam. 
This is shown by Figure 2.9: 
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 Figure 2.9    Schematic diagram of the Sirah dye laser, pumped by the third harmonic of the 
Nd:YAG laser, used for studying HD formed in vibrational states v = 3 – 7. 
 
In setting up the laser system, it is important to check the alignment of the dye beam 
and the Nd:YAG beam so that there is good overlap between them. This will ensure 
than the dye beam has a good shape and is uniform in intensity throughout its cross-
section. A uniform beam allows the doubling process to work more effectively and 
avoids inadvertent burning of parts of the laser system. The spectral linewidth of the 
dye laser beam is approximately 0.1 cm
-1 and the beam diameter is 3 – 6 mm. 
 
2.6.3  Frequency Doubling and Tripling 
 
Frequency (or energy) doubling, also called second harmonic generation, is a non-
linear optical process [42]. Light from the dye laser can be frequency doubled using 
either KD*P or BBO (Barium Borate, β-BaB2O4) crystals. When the laser light is 
frequency doubled, the BBO crystal is used to produce photons with wavelength half 
that  of  the  incident  photons.  When  the  laser  light  is  frequency  tripled,  the  KD*P 
crystal is used to double the light, then this doubled light is frequency mixed with the 
fundamental light of the original beam in a BBO crystal, to result in photons with a 
wavelength a third of that of the fundamental photons. 
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A light beam consists of oscillating electric and magnetic fields. When an external 
electric field is applied to a crystal by incident laser light, the electrons and atomic 
nuclei are pulled in opposite directions, resulting in the polarization of the crystal. 
Electric dipoles are induced via this charge separation, with dipole moment  , which 
interact with the electric field E as given below. The polarizability of the medium is α. 
E a m =   2.22 
 
The crystals used for frequency doubling and tripling are non-linear media, such that 
the polarization responds non-linearly with the electric field applied by the incident 
laser beam. Equation 2.22 is an approximation for weak electric fields and comes 
from the first term of the power series 
...
6
1
2
1 3 2 + + + = E E E g b a m   2.23 
where b is the hyperpolarizability and g is the second order hyperpolarizability of the 
medium. 
 
Thus, as the strength of the electric field increases, non-linear effects arise from the 
higher order terms in equation 2.23. At any point in the crystal, the variation of the 
electric field strength with time as the laser passes through the crystal is  
( ) ft E E p 2 sin 0 =   2.24 
where E0 is the amplitude of oscillation of the laser light and f is the frequency of the 
incident laser photons. Therefore, as the intensity of the laser light increases, so does 
the  external  electric  field  applied  on  the  crystal  and  non-linear  effects  on  the 
vibrations within the crystal lattice become appreciable. Effectively, the higher order 
terms in equation 2.23 become significant. 
 
The second order term in equation 2.23 contains E
2, which can be expressed 
( ) ( )
2 2
0
2 2 sin ft E E p = ( ) ( ) ft E 2 2 cos 1
2
1 2
0 p - =  
2.25  
Thus  the  dipole  induced  in  the  crystal,   ,  will  give  rise  to  some  photons  with 
frequency  2f  emerging  from  the  crystal.  These  photons  are  known  as  the  second   67 
harmonic light. Only non-centrosymmetric crystals, which have a non-linear response 
to an applied electric field, can be used for frequency doubling or tripling [41, 42]. 
 
Frequency tripling, used to obtain the third harmonic of the Nd:YAG laser light in this 
work and to obtain the third harmonic of dye laser light in previous work [3, 4], is 
produced  by  frequency  mixing  in  a  BBO  crystal  [41,  42].  Two  light  beams  are 
incident  on  the  BBO  mixing  crystal:  the  original  fundamental  laser  light  and  the 
second harmonic of the laser light.  
 
For  two  beams  of  frequencies  f1  and  f2  and  amplitudes  E1  and  E2,  the  effective 
strength of the electric field is 
( ) t f E t f E E 2 2 1 1 sin sin + =   2.26 
The second order polarization term from equation 2.23 becomes 
( )
2
2 2 1 1 sin sin t f E t f E + b   2.27 
Expanding this term gives 
( ) t f t f E E t f E t f E 2 1 2 1 2
2 2
2 1
2 2
1 sin sin 2 sin sin + + b   2.28 
The third term in this expression can be rewritten as 
( ) ( ) [ ] t f f t f f E E 2 1 2 1 2 1 cos cos + - - b   2.29 
Therefore, the crystal emits some photons with frequencies f3 where 
2 1 3 f f f ± =   2.30 
 
Hence, when the fundamental light and doubled light are mixed, the third harmonic of 
the  laser  light  emerges  from  the  crystal.  There  will  also  be  components  in  the 
emergent laser beam of fundamental and doubled light. 
 
Accumulating substantial intensity of the second and third harmonic light can be a 
problem. The optical properties of doubling and tripling crystals are such that the 
refractive index of the crystal, and therefore the speed of the light travelling through 
it,  depends  on  the  wavelength  of  the  laser  light.  If  we  take  the  case  of  second 
harmonic generation, the doubled light travels through the crystal at different speeds 
from the fundamental light. The fundamental light generates more frequency doubled 
photons as it propagates through the crystal, hence the doubled light cannot stay in   68 
phase with itself. This may lead to destructive interference, reducing the power of the 
doubled light. To overcome this problem, a technique known as phase-matching is 
used. A direction through the crystal is chosen such that both the fundamental and 
harmonic  light  propagate  through  this  direction  at  the  same  velocity.  Hence,  the 
doubled light does not interfere destructively with itself, and the power of the doubled 
light is optimized. This phase-matching direction is found by rotating the crystal until 
maximum doubled light is emitted from the crystal. 
 
The  required  path  through  the  crystal  for  phase  matching  will  change  with  the 
wavelength of the doubled light. Any deviation from the path means that the beams 
cannot stay in phase indefinitely, so the crystal position must ensure that both the 
fundamental and harmonic beams travel exactly along the desired direction. To direct 
the beam along the desired path, ‘look-up’ tables are created for the crystal position as 
a function of wavelength. Look-up tables are set-up for both the doubling and tripling 
systems.  The  rotation  of  a  crystal  is  changed  in  small  steps  to  find  the  optimum 
position of the crystal at which maximum conversion to the harmonic light occurs, at 
a  certain  wavelength.  The  laser  is  then  moved  to  another  wavelength  and  the 
optimization process is repeated to find the next optimum position of the crystal until 
crystal positions have been found for a range of wavelengths. The optimum positions 
for both the BBO and KD*P crystals are stored as data points in these look-up tables 
so that the crystal position can be computer-adjusted. The computer fits a line to the 
data points, incorporating parameters to account for the angle cut and temperature of 
the  crystal,  so  that  the  appropriate  crystal  position  between  data  points  can  be 
estimated. During a scan, the computer moves the crystal, mounted on a motor, to the 
correct  position  for  a  given  wavelength,  as  specified  by  the  look-up  tables.  This 
means  that  as  the  laser  scans  over  a  particular  wavelength  range,  the  crystals  are 
automatically moved to the position where the phase-matching is maximized.   69 
 
Figure 2.10  Schematic diagram of the set-up for frequency doubling of the dye laser light. 
 
For HD in vibrational states v = 3 – 7, the dye laser light is frequency doubled by the 
series of optics shown in Figure 2.10. Details of the set-up of optics for the tripling of 
dye laser light, used for HD in vibrational states v = 0 – 2, are not provided as part of 
this study and are given elsewhere [4]. The dye laser light passes through the BBO 
doubling crystal, which is rotated to the optimum position using the look-up tables, as 
described above. The refractive indices of the crystals are temperature dependent, thus 
the BBO doubling crystal is attached to a heater that maintains a constant working 
temperature at around T ~ 50 °C. After emerging from the doubling crystal, the light 
then enters a quartz compensator, which compensates the light for any ‘beam walk’ 
that may occur as a result of the twist of the doubling crystal. The compensator is also 
moved according to the same look-up table that controls the BBO crystal position, in 
order to maintain constant beam position for all wavelengths. As mentioned before, 
both the fundamental and the doubled light leave the BBO crystal. Any higher order 
harmonic  light  is  negligible  as  it  does  not  propagate  via  an  appropriate  phase-
matching  pathway.  A  series  of  Pellin-Broca  prisms  is  used  to  separate  the 
fundamental and second harmonic beams. Only the second harmonic light is allowed 
to leave the prism box. This doubled light typically has energy 1.5 – 2.5 mJ per pulse 
when  the  dye  has  been  freshly  changed.  In  order  to  conserve  the  dye  as  long  as 
possible, the Q-switch delay is adjusted to lower the doubled light power to ~ 1 mJ 
per pulse when REMPI scans are performed. 
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2.7  Laser Beam Steering and Stray Light Minimization 
After generation, the doubled light must travel to the ionization region of the time-of-
flight mass spectrometer. The laser beam is directed into the vacuum chamber using 
two UV-reflecting steering mirrors. The beam must be focused down to an intense 
spot in order to achieve adequate power for the non-linear REMPI process to occur to 
a sufficient number of HD molecules for detection. Thus the beam passes through a 
lens of focal length 30 cm before it enters the vacuum chamber, which focuses the 
beam into a spot of radius 0.15 mm and area 7.1 × 10
-4 cm
2.   
 
As one pulse from the Nd:YAG laser is approximately 4 ns long and has an energy of 
about 1 mJ, the resulting power density per pulse at the laser focus is  
35 . 0
10 4
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10 1 . 7
10 1
9 4
3
=
´
×
´
´
- -
-
 GJ cm
-2 
2.31 
Given that the Nd:YAG laser pulses at 10 Hz, this power density must be multiplied 
by 10 Hz to give a time-averaged power density of 3.5 GW cm
-2. This value is in 
good accord with other groups who have carried out REMPI of H2 [45, 46]. 
 
Within the vacuum chamber, scattered laser light can release photoelectrons from the 
stainless steel chamber walls. These photoelectrons may ionize background HD gas in 
the chamber, which may be detected by the TOFMS and swamp the HD signal for the 
REMPI process. To minimize any stray light from the laser beam as it traverses the 
chamber, conical baffles have been arranged as shown in Figure 2.11. One set of 
baffles is placed next to the quartz window to immediately surround the laser beam 
entering the chamber. Attached to the end of the baffles is a copper tube, of diameter 
10 mm, which has a roughened inner surface. Any stray light that hits the rough walls 
of the copper tube will be reflected around inside the copper tube and will not be 
directed on to the TOFMS ionization region. There is a second set of baffles, attached 
to a section of PTFE tubing, placed in front of the exit window. This arrangement 
blocks any back scattered light reflected by the exit window reaching the TOFMS 
ionization region. 
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Figure 2.11 Schematic diagram of the set-up of baffles used to minimize stray light within the 
vacuum chamber. 
 
The  laser  beam  alignment  also  has  a  marked  effect  on  the  scattered  light  in  the 
chamber.  A  badly  aligned  laser  beam  results  in  many  stray  photons  producing 
photoelectrons, which increase the background counts detected by the TOFMS. In 
order  to  measure  the  background  count,  the  laser  is  set  to  produce  photons  at  a 
wavelength not expected to ionize HD molecules. The TOFMS is used to detect the 
number of HD
+ ions in a particular period of time, usually about 20 seconds. The 
alignment of the laser beam through the chamber is then adjusted by manipulating the 
steering mirrors and the background count is re-measured. This process is repeated 
until  the  background  count  has  been  minimized  by  optimizing  the  laser  beam 
alignment. 
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2.8  REMPI Spectroscopy 
In  order  to  ionize  molecules  for  detection  by  the  TOFMS,  the  Cosmic  Dust 
Experiment uses Resonance Enhanced Multi-Photon Ionization spectroscopy. In the 
REMPI process utilized in this study, newly formed HD molecules are ionized from a 
particular ro-vibrational quantum state (v, J) to form HD
+.  
 
REMPI is a well established spectroscopic technique to ionize molecules in specific 
ro-vibrational states [45, 47]. REMPI spectroscopy is a two stage process. Firstly, one 
or more photons are used to excite a molecule to a resonant electronic state. Secondly, 
the molecule is ionized from this resonant state using more photons. The ions are then 
detected by a TOFMS. REMPI processes are labelled (A+B) where A corresponds to 
the number of photons required to excite the molecule to the resonant state and B is 
the number of photons used to ionize the molecule from the resonant electronic state. 
Figure 2.12 shows the prototypical transitions involved in (1+1) and (2+1) REMPI 
schemes. 
 
If  more  than  one  photon  is  used  to  excite  the molecule  to  the  resonant  state,  the 
excitation has occurred via non-resonant ‘virtual’ states [48]. A virtual state is not an 
eigenstate of the molecule and is very short lived, with lifetime ~10
-15 s. In order for 
the resonant state to be reached, the virtual states must be populated by A photons 
within 10
-15 s. The population of the virtual state can be the rate-limiting step of the 
REMPI process. The photon density must be sufficiently high for the virtual state to 
be  populated  and  thus  for  REMPI  to  occur.  It  is  not  necessary  for  the  A  and  B 
photons, or all of the A photons, or all of the B photons, to be of the same frequency 
as long as the combination of their energies is sufficient to excite the molecule to the 
resonant state.   73 
 
Figure 2.12   The transitions involved in (1+1) and (2+1) REMPI schemes. 
 
To state selectively ionize hydrogen molecules, a (2+1) REMPI scheme is required, 
shown below in Figure 2.13. Two photons are used to excite the HD molecules from a 
specific ro-vibrational level in the ground electronic state, X 
1Σg
+ (v″, J″), via a virtual 
level to the E,F 
1Σg
+ (v′, J′) resonant electronic state. A third photon then ionizes the 
HD. The third photon is of the same frequency as the previous two photons, as all the 
photons originate from the same laser beam, produced by frequency doubling the light 
of the dye laser as explained in Section 2.6. Ro-vibrational levels in the lower state of 
a transition are denoted (v″, J″) and the upper state of a transition is denoted (v′, J′). 
 
As shown in Figure 2.13, two photons are required to excite hydrogen in the ground 
electronic  state  to  the  resonant  state;  hence  the  change  in  the  rotational  quantum 
number is  J = 0, ± 2. The Q branch transitions are approximately 30 times stronger 
than those in the O or S branches [49-51]. Thus, the key step in the REMPI transition 
employed in the Cosmic Dust Experiment is X 
1∑g
+ (v″, J″) → E,F 
1∑g
+ (v′, J′ = J″).  
E 
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Figure 2.13   The (2+1) REMPI scheme for hydrogen molecules [45]. 
The wavelengths of the two photons used in the excitation process are such that they 
each  have  half  the  energy  required  for  the  transition.  The  standard  spectroscopic 
equations for electronic, rotational and vibrational energies are used to calculate the 
wavelengths of the photons required for REMPI transitions.  
 
The energy of a vibrational state above the bottom of the potential well is given by 
e e e v x v v E v v
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2.32 
 
The energy of a rotational state above the vibrational state is       
( ) [ ] ( ) ( )
2 2
2
1 1 1 + - + + - = J DJ J J v B E e J a  cm
-1  2.33 
 where 
  Ev is the energy of the vibrational state, vibrational quantum number v,   
  EJ is the energy of the rotational state, rotational quantum number J, 
  ve is the fundamental vibration wavenumber, 
  xe is an anharmonicity constant, 
  Be is the equilibrium value of the rotational constant B, 
  a is a vibration-rotation interaction molecular constant, 
  D is the centrifugal distortion coefficient. 
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The values of the spectroscopic constants, ve, xe, Be, a and D, are taken from the 
NIST online database [52] or other literature [53, 54]. The total energy of each state is 
given by 
Etotal = Eelec +  Ev + EJ  2.34 
where Eelec is the electronic state energy. 
 
As aforementioned, the  laser photons involved in the REMPI process used in the 
Cosmic Dust Experiment must cause the transition X 
1∑g
+ (v″, J″) → E,F 
1∑g
+ (v′, J′ 
= J″). An example of the calculated photon wavelengths for HD formed on HOPG in 
the vibrational state v = 3 are shown in Table 2.2 below. In this case, v″ = 3 and the E, 
F vibrational state chosen for the transition is v′ = 1, because of favourable Franck-
Condon  Factors  between  these  vibrational  states.  Franck  Condon  factors  are  a 
measure  of  the  overlap  of  two  vibrational  states  and  indicate  the  likelihood  of  a 
transition occurring between these states. 
 
J″  v″ 
Wavelength of REMPI 
photon / nm 
Wavelength of dye laser 
photon / nm 
0  3  219.732  439.465 
1  3  219.810  439.619 
2  3  219.964  439.928 
3  3  220.194  440.388 
4  3  220.497  440.995 
5  3  220.872  441.744 
6  3  221.314  442.629 
7  3  221.820  443.641 
8  3  222.385  444.771 
9  3  223.003  446.007 
10  3  223.668  447.336 
 
Table 2.2   Calculated photon wavelengths for the transition X 
1Σg
+ (v″ = 3, J″) → E,F 
1Σg
+ 
(v′ = 1, J′ = J″).   76 
In order to ionize HD, the Sirah dye laser is set to scan over a range of wavelengths 
until the REMPI transition is found. For example, for HD formed in the (v″ = 3, J″ = 
0) state, the dye laser can be set to scan over 439.435 – 439.495 nm, as the dye laser 
light is frequency doubled to produce the REMPI photons, in steps of 0.003 nm in a 
20  step  scan.  HD
+  ions  are  detected  by  the  TOFMS  when  the  REMPI  transition 
occurs. This total ion yield is known as the REMPI signal. The laser is set to dwell at 
each wavelength point for a given accumulation time, in which ions are detected by 
the TOFMS. The accumulation time depends on the strength of the REMPI signal and 
can range from 30 s for a strong signal to 320 s for a weak signal. 
 
If there is no REMPI signal for the scan, a different wavelength range is chosen and 
another scan is performed. The REMPI signal will not necessarily occur at exactly the 
calculated value. This discrepancy is due to a combination of reasons. Firstly, the 
inbuilt calibration of the laser is not perfectly accurate and leads to a laser ‘offset’. 
Secondly, there are higher order terms in equations 2.32 and 2.33 which are neglected 
in the calculation. Hence ranges of wavelengths are typically searched up to 0.5 nm 
away  from  the  doubled  light  wavelength  value  calculated  in  Table  2.2,  until  the 
transition is found. 
 
2.9  Summary 
This  chapter  has  described  the  experimental  set-up  of  the  UCL  Cosmic  Dust 
Experiment, which has been used to study the formation of HD on an analogue of an 
interstellar dust grain, namely an HOPG surface held at 15 K. This chapter includes 
details on how UHV has been achieved and the generation of H- and D-atom beams, 
which  are  transported  to  the  HOPG  surface.  The  HOPG  surface  is  cryogenically 
cooled by a helium cold head and heated by a tantalum strip heater for cleaning. 
Nascent  HD  molecules  desorb  from  the  HOPG  surface  and  are  state-selectively 
ionized by REMPI spectroscopy. REMPI photons are produced by the laser system. 
For HD formed in vibrational states v = 3 – 7, the third harmonic from an Nd:YAG 
laser  is  used  to  pump  a  tuneable  dye  laser.  The  beam  from  the  dye  laser  is  then 
frequency doubled to obtain the REMPI photons. The REMPI photons ionize HD 
from a particular ro-vibrational state in the ground electronic state via a resonant E, F 
state in a (2+1) REMPI scheme. The HD
+ ions are then detected by the TOFMS. Data   77 
processing  of  the  mass  spectra  of  HD
+  ions  is  required  to  calculate  the  relative 
populations of the ro-vibrational states of nascent HD. The data analysis procedure 
and results will be explained in Chapter 3. 
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Chapter  Three              
 
Results of the HD Formation Experiment 
 
3.1  Overview 
This chapter will describe the results of the UCL Cosmic Dust Experiment on the 
formation of HD in vibrational states v = 3 – 7. Previous work using the Cosmic Dust 
Experiment, pertinent to this thesis, will be summarized in Section 3.2. The particular 
experimental method procedure for the v = 3 – 7 experiments will be explained in 
Section 3.3. After collection, the data needs to be processed, taking into account laser 
power to obtain the relative rotational populations, which will be explained in Section 
3.4.1. Section 3.5 describes the calculations performed to obtain the average rotational 
temperature within each vibrational state. The ro-vibrational distribution of nascent 
HD molecules will be discussed in Sections 3.6 – 3.9. 
  
The complete set of UCL data, from all HD ro-vibrational states detected to date, is 
used  to  determine  the  energy  partitioning  between  the  internal  energy  and 
translational  energy  of  the  nascent  HD  molecule  and  energy  lost  to  the  graphite 
surface in Sections 3.10 and 3.11. In this chapter, ro-vibrational states within the X 
state, in which the HD is formed, will be denoted (v″, J″) and ro-vibrational states 
within the E, F state used in the REMPI process will be denoted (v′, J′).   83 
3.2  Previous Work 
The  UCL  Cosmic  Dust  Experiment  was  commissioned  10  years  ago  to  study  the 
formation of molecular hydrogen on surfaces analogous to interstellar dust grains. The 
aim of the experiment is to probe the ro-vibrational distribution of nascent hydrogen 
molecules using REMPI spectroscopy. H2 and HD formation on an HOPG surface 
held  at  a  range  of  temperatures  between  15  K  and  50  K  has  been  studied  [1-3]. 
Newly-formed H2 was detected in the v″ = 1, J″ = 0 – 3 and v″ = 2, J″ = 0 – 3 states. 
Newly-formed HD was detected in the v″ = 1, J″ = 0 – 4 and the v″ = 2, J″ = 0 – 4 
states.  The  rotational  temperatures  for  each  vibrational  state  were  found  to  be 
significantly higher than the surface temperature and are shown in Table 3.1 below: 
 
Molecule 
Vibrational 
state, v″ 
Rotational 
states, J″ 
Surface 
Temperature / K 
Rotational 
Temperature / K 
H2  1  0 – 3  23  314 ± 9 [1] 
    0 – 3  30  214 ± 11 [3] 
    0 – 3  50  224 ± 21 [3] 
H2  2  0 – 3  15  364 ± 37 [1] 
    0 – 2  23  309 ± 41 [1] 
    0 – 3  30  316 ± 41 [1] 
    0 – 2  50  345 ± 153 [1] 
HD  1  0 – 4  15  265 ± 15 [2] 
    0 – 4  27  274 ± 20 [2] 
    0 – 4  40  198 ± 13 [2] 
    0 – 4  50  283 ± 20 [2] 
HD  2  0 – 4  15  286 ± 37 [2] 
    0 – 4  27  299 ± 31 [2] 
    0 – 4  40  331 ± 37 [2] 
    0 – 4  50  345 ± 39 [2] 
 
Table 3.1  Ro-vibrational states and rotational temperatures for nascent H2 and HD detected 
in previous work. 
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A  search  for  HD  formed  in  vibrational  state  v″  =  0  was  also  made,  but  was  not 
successful. This was because the observed REMPI signals of HD in v″ = 0, J″ = 0 – 4 
were not necessarily due to nascent HD molecules forming on the surface but were, in 
fact,  dominated  by  thermally  relaxed  HD  molecules  already  present  within  the 
vacuum chamber. Very high rotational states such as J″ = 7 and 8 are not expected to 
be populated by thermalized HD, thus the REMPI signals for these states should not 
be  swamped  by  the  background  gas.  However,  these  states  were  not  detected, 
indicating that nascent HD does not populate v″ = 0, J″ = 7 and 8 at a level above the 
experimental detection limits. 
 
3.3  Detection of HD in v = 3 – 7  
The experiments carried out in this thesis probed the formation of HD in vibrational 
states v″ = 3 – 7. The v″ = 3 and 4 states were detected first, followed by a hiatus of 
three months, after which the v″ = 5 – 7 states were observed. The delay in data 
collection occurred because of contamination of the vacuum chamber by pump oil due 
to a power cut, leading to a loss of signal. Also for the higher vibrational states, the 
values  of  spectroscopic  constants  from  the  NIST  database  [4]  are  inadequate  to 
calculate an accurate wavelength for the REMPI photons; thus an alternative source 
for calculating the energies of the E, F energy levels had to be sought [5].  This 
calculation is given in Section 3.7. 
 
For the first period of data collection, in which the v″ = 3 and 4 states were studied, 
the pressure in the H2 source was 0.14 – 0.25 Torr and the pressure in the D2 source 
was 0.16 – 0.20 Torr. The target chamber pressure was 1.2 × 10
-7 – 2.4 × 10
-7 Torr. 
During the collection of the v″ = 5 – 7 data, the pressure in the H2 and D2 sources was 
0.24 – 0.37 Torr and 0.22 – 0.29 Torr respectively. The target chamber pressure for 
the v″ = 5 – 7 experiments was 5.0 × 10
-8 – 1.0 × 10
-7 Torr, marginally lower than for 
the v″ = 3 and 4 experiments, as the chamber had been cleaned and new pumps had 
been installed. As outlined in Chapter 2, the sources are never switched off, so that H- 
and D-atoms continuously dose the HOPG surface, which is cooled cryogenically to T 
= 15 K by the helium coldhead. The surface is cleaned before every REMPI scan by   85 
heating to 500 K to remove any adsorbates on the surface. It takes approximately 45 
minutes for the HOPG to cool back down to 15 K. 
 
HD is formed in a distribution of ro-vibrational states (v″, J″) in the X state, but the 
Cosmic Dust Experiment can only probe the population of one state at a time. HD is 
state-selectively ionized using laser photons, via a resonant E, F (v′, J′) state. For each 
v″  value,  the  most  favourable  v´  state  must  be  determined  from  Franck-Condon 
factors. For HD in the X state with v″ = 3, 4, 5, 6, and 7 the resonant E, F states used 
were v′ = 1, 1, 1, 2 and 3 respectively. The FCFs for the v″→ v′ transitions are shown 
in Table 3.2. The Q-branch is the most intense rotational transition, and is always 
used  in  the  REMPI  process;  hence  there  is  no  change  in  the  value  of  rotational 
quantum number, so J′ = J″. The two-photon wavelength is then calculated for the 
REMPI transition X 
1∑g
+ (v″, J″) → E, F 
1∑g
+ (v′, J′ = J″) taking into account any 
possible  offsets,  such  as  laser  calibration  offsets.  The  dye  laser  is  then  set  up  to 
perform a scan over this wavelength. When the REMPI transition occurs during the 
scan, HD
+ ions are formed and detected by the TOFMS: the ion count detected is the 
REMPI signal. The dye laser wavelength range at which REMPI signals occurred, 
when first detected, is shown in Table 3.2 below: 
 
v″, J″  v′  FCF  Wavelength range of detected 
REMPI signals / nm 
3, 0 – 6  1  0.182  439.55 – 442.79 
4, 0 – 6  1  0.283  455.09 – 458.18  
5, 0 – 6  1  0.154  470.83 – 473.70 
6, 0 – 4  2  0.242  475.81 – 476.73 
7, 0 – 3  3  0.159  481.40 – 482.66 
 
Table 3.2  The ro-vibrational states detected with the resonant E, F state for each vibrational 
state  and  Franck-Condon  factor  for  the  v″  →  v′  transition.  The  range  of 
wavelengths of the dye laser at which REMPI signals were detected for each 
vibrational level is also shown; this is the wavelength of the dye photons before 
energy doubling by the crystal optics.   86 
 
As stated in Chapter 2, a look-up table must be created and enabled for each scan, so 
that  the  doubling  crystal  is  in  the  correct  position  to  ensure  constant  laser  power 
throughout the wavelength range of the scan. A computer program is used for data 
collection,  which  enables  the  TOFMS  and  the  TOFMS  counting  electronics  to 
communicate  with  the  laser.  The  laser  scans  the  wavelength  range  in  small 
incremental  steps  of  0.003  nm  in  size.  The  laser  can  be  set  to  dwell  at  each 
wavelength point for a given accumulation time. The length of accumulation time set 
depends  on  the  strength  of  the  REMPI  signal  and  ranges  from  30  s  to  320  s, 
depending on the strength of the signal. 
 
The yield of HD
+ ions is counted by the electronics associated with the TOFMS, as 
described  in  Chapter  2.  In  order  to  find  the  flight  time  of  the  HD
+  ions,  a  mass 
spectrum is taken with the laser off-resonance. Stray light from the laser beam hits the 
stainless steel chamber walls and releases photoelectrons. These photoelectrons ionize 
the background gas in the chamber to form H
+ ions, which can be readily identified in 
the mass spectrum. The other peaks in the mass spectrum can then be assigned to 
particular ions such as H2
+, HD
+ and D2
+, which are also abundant in the vacuum 
chamber; thus the flight times of HD
+ ions can be constrained to a finite range from 
the size of the peak. The TOFMS counting electronics are then set to integrate over 
the flight times which contain only HD
+ ions. Figure 3.1 shows an on-resonance mass 
spectrum, taken during a REMPI scan when HD in ro-vibrational state v″ = 4, J″= 1 
was ionized. The H
+ peak appears at approximately 250 ns, H2
+ at 680 ns, HD
+ at 940 
ns and D2
+ at 1250 ns. The spectral peaks for H
+, H2
+ and D2
+ are due to ions created 
by  photoelectrons  and  are  wider  than  the  on-resonance  HD
+  peak  produced  via 
REMPI. 
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Figure 3.1   On-resonance mass spectrum for HD v″ = 4, J″ = 1, showing the peaks for H
+, 
H2
+, HD
+ and D2
+. 
 
The timing electronics of the TOFMS count each HD
+ ion signal from the detector. 
However,  after  one  ion  is  detected,  there  is  a ‘dead  time’  of  50  ns  during  which 
another ion cannot be detected. Thus the laser power must be set so that only one 
ionization  event  occurs  for  each  laser  pulse.  The  laser  start  signal  repeats  at  a 
frequency of 10 Hz, so the laser power is adjusted to fulfil the relationship 
 
Ion counts per wavelength step  ≤  10 × accumulation time  3.1 
 
The  output  of  the  data  collection  computer  program  is  the  HD
+  ion  counts  per 
wavelength step, as shown in the REMPI spectrum given in Figure 3.2. 
 
H
+ 
H2
+ 
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+ 
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+   88 
                       
 
 
Figure 3.2   REMPI spectrum of HD v″ = 3 J″ = 1, following the reaction of H- and D-atoms 
on a HOPG surface held at 15 K. The REMPI transition is X 
1Σg
+ (v″ = 3, J″ = 1) 
→ E, F X 
1Σg
+ (v′ = 1, J′ = J″), which is the Q(1) line. The ion signal is the 
number of HD
+ ions detected during an accumulation time of 30 s per wavelength 
step. The error bars are the square root of the ion counts. 
 
The area under the peak in Figure 3.2 can be related to the rotational population of 
HD formed in one rotational state within a vibrational level. REMPI scans for other 
rotational states within the same vibrational level are then performed. The first state 
searched for was the v″ = 3, J″ = 1 state, as J″ = 1 has been found to be the most 
populated rotational state in previous work [1]. The J″ = 0 state was investigated next, 
followed by states J″ ≥ 2 in ascending order of J″, until higher rotational states could 
not be detected. Subsequently higher vibrational states were investigated by the same 
method. The v″ = 8, J″ = 1 state was later searched for, but not detected [6]. Searches 
were made by scanning the dye laser over ranges of wavelengths near the calculated 
2-photon wavelength until the REMPI transition was observed. When searching for a 
REMPI signal, short accumulation times of 30 seconds per wavelength step are used, 
for as many as 30 wavelength steps. When the REMPI transition is found, it occurs 
over  several  wavelength  steps,  as  shown  in  Figure  3.2.  For  data  collection,  to 
determine the rotational populations, the laser is set to scan over a range with only 10 
– 12 wavelength steps, spending 30 s – 320 s per wavelength step, depending on the 
strength of the REMPI signal. REMPI signals for the v″ = 4 level are shown below: 
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Figure 3.3   REMPI spectra showing the transitions 
1Sg
+ X (v˝ = 4, J˝ = 0 – 6) ® 
1Sg
+ E, F (v´ 
= 1, J´ = J˝). All the spectra shown are from the Q-branch of the v˝ = 4 REMPI 
transitions. The entire spectrum was not taken at the same time due to the large 
separation between the rotational lines and the long accumulation times necessary 
to obtain good signal to noise. 
 
The integrated areas under the REMPI spectra are converted to the relative population 
of the rotational states by correcting for accumulation time and laser power. The ion 
signal in a REMPI spectrum is the number of HD
+ ions detected by the TOFMS 
during the accumulation time. This is scaled to give the number of HD
+ ions expected 
to be detected in an accumulation time of 60 s. The laser power correction calculation 
is shown below in Section 3.4.1.  
 
3.4  Data Processing  
3.4.1  Relative Rotational Populations 
The power of the laser beam is liable to vary from scan to scan and during the course 
of  a  scan  because  the  laser  dye  efficiency  is  dependent  on  wavelength.  The  dye 
efficiency of Coumarin 480 dependence on wavelength is shown below in Figure 3.4.  
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Figure 3.4   The dependence of laser power of the tripled light with wavelength for the dye 
Coumarin 480, which was used for the v″ = 5 – 7 states. A list of the dyes used 
for each vibrational level is given in Chapter 2, Table 2.1. 
 
The dye also deteriorates with use, as well as varying with wavelength, such that the 
laser power of the doubled light typically drops by ~ 0.1 mJ per pulse by the end of a 
laser scan, with even greater drops in power for very long scans. Thus the integrated 
area  under  the  REMPI  peaks  must  be  corrected  for  laser  power.  The  ion  signal 
strength varies with respect to the laser intensity via the power dependence 
 
Ion signal µ(laser power)
n  3.2 
 
The value of n, the laser correction factor, is also transition dependent, thus needs to 
be calculated for every vibrational state.  
 
To determine the value of n in equation 3.2, ion signals from one ro-vibrational state 
are measured at different values of laser power. A graph of ln(laser power) against 
ln(ion signal) is plotted, which gives rise to a straight line with a gradient n, as shown 
in Figure 3.5. Within each vibrational level, the rotational state with the strongest 
REMPI signal is usually used to determine n. The strongest rotational states used are 
typically the J″ = 1 or 2 states. The values of n for each vibrational level are shown in 
Table 3.3. 
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Figure 3.5   Power dependence plot of ln(laser power) against ln(ion signal), taken for REMPI 
of HD v″ = 3 J″ = 1 at different values of laser power of the doubled light. The 
laser power is measured in mJ per pulse, where there are 10 laser pulses per 
second. The line of best fit, y = 1.4297 x + 6.0684, has a gradient of 1.43, which 
provides the value of n for all scans with v″ = 3. The error bars on the x-axis 
indicate the drop and fluctuation in laser power during the scan. 
 
Vibrational Level, v″  Laser Correction Factor, n 
3  1.43 ± 0.11 
4  1.62 ± 0.17 
5  2.13 ± 0.29 
6  2.69 ± 0.32 
7  3.32 ± 1.24 
 
Table 3.3  Laser power dependence factor, n, for each vibrational level, v″ 
 
As the (2+1) REMPI scheme used in this experiment is a 3-photon process and the ion 
signal strength depends on laser power as shown in equation 3.2, for a non-saturated 
process the expected value for the laser correction factor is n = 3. If only the one-
photon process is saturated, then n = 2, and if the 2-photon process is saturated, then n 
= 1 [7, 8]. Furthermore, it is unlikely that the ionization step will be saturated without 
also saturating the resonance step. For v″ = 3 and 4, n < 2, thus at least 2 photons are 
saturated, hence it is probable that the resonance step is saturated. Similarly v″ = 5 
exhibits some saturation of the resonance step with n ~ 2. However, for v″ = 6, n ~ 3 
within error bars, so there seems to be little or no saturation in either step. For v″ = 7,   92 
the level of saturation of the REMPI process cannot be inferred from n due to the 
large error bars. 
 
The integrated areas under the REMPI peaks for a set of rotational states within a 
vibrational  level  are  divided  by  the  laser  power  raised  to  the  value  of  n  for  that 
vibrational level. The corrected areas are then normalized to the J″ = 0 state to give 
the relative populations as shown in Figure 3.8. 
 
3.5  Rotational Temperature 
It is possible to create a Boltzmann plot from the relative rotational populations to 
determine  a  characteristic  rotational  temperature  for  each  vibrational  level.  The 
Boltzmann distribution describes the population of the rotational levels PJ relative to 
the population of the J″ = 0 state, as shown below: 
( )  


 



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


 - + =
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J g
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P J
J
J exp 1 2
0
  3.3 
 
where  
k is the Boltzmann constant,  
J″ is the rotational quantum number,  
EJ″ is the corresponding rotational energy, 
T is the temperature and 
gJ  is the nuclear spin degeneracy, for HD, gJ = 1. 
 
Rearranging equation 3.3 gives 
( ) ( ) 0 ln
1 2
ln P k
J g
P
k
T
E
J
J J +  

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Equation 3.4 is of the form y = mx + c, therefore plotting  ( ) 


 


+
-
1 2
ln
J g
P
k
J
J  vs. EJ 
gives a straight line with gradient 1/T and intercept kln(P0) for rotational states whose 
population follows a Boltzmann distribution. 
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The data points will not necessarily fit on the straight line, as the relative populations 
may  deviate  from  the  ideal  Boltzmann  distribution.  If  the  rotational  populations 
determined  from  the  REMPI  peaks  are  located  on  the  straight  line,  then  the 
distribution is Boltzmann and the gradient of the line gives the rotational temperature, 
T. A least squares method is used to determine the gradient of the line of best fit to the 
data. 
 
However, if the Boltzmann plot is non-linear, then the rotational distribution is non-
Boltzmann.  In  this  case,  the  average  rotational  energy,  <Erot>,  is  calculated  by 
statistical mechanics:  
∑ =
J
J J rot E P E   3.5 
An  average  rotational  temperature  <Trot>  can  be  calculated  from  this  average 
rotational energy: 
k
E
T
rot
rot =  
3.6 
The rotational populations themselves are found using 
∑
=
J
J
J
J I
I
P  
3.7 
where IJ is the power normalized ion signal detected for rotational state J. 
 
A validation of this method is given in previous work [2], where the REMPI and 
TOFMS system was used to detect H2 at room temperature. A Boltzmann plot of the 
v″  =  0,  J″  =  0  –  3  ro-vibrational  populations  were  found  to  follow  a  Boltzmann 
distribution with Trot ~ 295 K, as expected. 
 
3.6  HD Formed in Vibrational States v″ = 3 and 4 
The results in this section were published in Islam et al. 2006 [9]. Nascent HD was 
detected in vibrational states v″ = 3 and 4 following continuous dosing by H- and D-
atoms of the HOPG surface held at 15 K. The data was collected over a period of 3 
months.  The  2-photon  wavelength  for  each  REMPI  transition  was  calculated  by 
determining the value of the X state and E, F state energy levels, using equations 3.8,   94 
3.9, 3.10 and 3.11 below and taking into account predicted offsets. The values of the 
spectroscopic  constants,  ve,  xe,  Be, a and  D,  were  taken  from  the  NIST  online 
database  [4],  where  ve  is  the  vibrational  wavenumber,  xe  is  the  anharmonicity 
constant, Be is the equilibrium value of Bv, the rotational constant as a function of the 
vibrational state, a is the vibration-rotation interaction molecular constant and D is 
the centrifugal distortion coefficient. 
 
Ev,, is the energy of a particular vibrational state, v, and is given by 
e e e v x v v E v v
2
2
1
2
1





 + - 




 + =  cm
-1 
3.8 
 EJ is the energy of the rotational state above the vibrational state given by 
( ) ( )
2 2 1 1 + - + = J DJ J J B E v J  cm
-1  3.9 
where Bv is calculated using 
( ) 2
1 + - = v B B e v a   3.10 
The total energy of each state is given by 
Etotal = Eelec +  Ev + EJ  3.11 
where Eelec is the electronic state energy. The difference in total energy of the E, F 
state and the X state is then converted to the 2-photon wavelength. 
 
Typically  4  –  12  REMPI  spectra  were  recorded  non-sequentially  for  each  ro-
vibrational state and the ion signals from these averaged to obtain relative rotational 
populations with error values, as shown in Figure 3.6: 
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Figure 3.6   Relative rotational populations for HD formed in vibrational level v″ = 3. The 
area under the REMPI peak for each J″ state has been laser power corrected and 
normalized to the J″ = 0 state. 
 
For the v″ = 3 level, the most populated rotational state was found to be the J″ = 1 
state. REMPI signals were detected for rotational states J″ = 0 – 6. For strong signals, 
the signal-to-noise (S/N) values are in excess of 20 and for weak signals, S/N ~ 5. A 
search was made for states v″ = 3, J″ = 7 and 8, but no HD
+ ions were detected above 
the background noise, even at very long accumulation times. The signal-to-noise ratio 
for  this  non-detection,  at  the  predicted  wavelengths  for  the  v″  =  3,  J″  =  7  and  8 
REMPI transitions, was S/N = – 0.2. This implies that either the v″ = 3, J″ = 7 and 8 
states are not populated by nascent HD molecules, or that the population is small 
enough to be masked by the background counts of the experiment. The background 
counts  are  typically  1  –  10  ions  in  60  seconds  and  result  from  ionization  events 
initiated  by  photoelectrons.  As  aforementioned,  these  photoelectrons  are  liberated 
when stray laser light hits the stainless steel chamber walls. 
 
The Boltzmann plot for the v″ = 3 state is shown below in Figure 3.7. The rotational 
temperature was found to be Trot = 330 ± 26 from the gradient of the line of best fit, as 
described  in  Section  3.5.  The  relative  rotational  populations  roughly  follow  a 
Boltzmann distribution as the data points are located on the line of best fit, taking into 
account error bars.  
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Figure 3.7   Boltzmann  plot  for  the  relative  rotational  populations  for  HD  formed  in 
vibrational  level  v″  =  3  with  a  weighted  least  squares  fit  to  the  data.    The 
rotational temperature was found to be Trot = 330 ± 26 K. 
 
This procedure was repeated for the v″ = 4 level. The areas under the REMPI spectra 
in Figure 3.3 were corrected for accumulation time and laser power to determine the 
v″ = 4 relative rotational populations, which are shown in Figure 3.8. Again, HD was 
found to be formed in rotational states J″ = 0 – 6 with the most populated rotational 
state being the J″ = 1 state. After Boltzmann analysis, the rotational temperature was 
found to be Trot = 368 ± 22. The v″ = 4 Boltzmann plot is shown in Figure 3.9. Points 
that lie below the line of best fit shown in Figure 3.9, such as the J″ = 6 state, are 
marginally overpopulated with respect to an ideal Boltzmann distribution with Trot = 
368. The Boltzmann plot appears non-linear, such that the data points seem to follow 
a curve, rather than lying on the line of best fit.  
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Figure 3.8   Relative rotational populations for HD formed in vibrational level v″ = 4. The 
area under the REMPI peak for each J″ state has been laser power corrected and 
normalized to the J″ = 0 state. 
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Figure 3.9   Boltzmann  plot  for  the  relative  rotational  populations  for  HD  formed  in 
vibrational  level  v″  =  4  with  a  weighted  least  squares  fit  to  the  data.  The 
rotational temperature was found to be Trot = 368 ± 22 K. 
 
 
 
J″ = 6   98 
The rotational populations relative to the J˝ = 0 state are given in the tables below: 
 
v˝  J˝  Relative 
Population 
3  0  1.00 ± 0.20 
  1  1.94 ± 0.32 
  2  1.15 ± 0.26 
  3  0.63 ± 0.17 
  4  0.34 ± 0.16 
  5  0.09 ± 0.04 
  6  0.03 ± 0.03 
 
Table 3.4  Relative rotational populations for HD formed in v˝ = 3 on HOPG held at 15 K, 
normalized to the v˝ = 3, J˝ = 0 state 
 
 
v˝  J˝  Relative 
Population 
4  0  1.00 ± 0.25 
  1  1.75 ± 0.34 
  2  1.49 ± 0.23 
  3  0.69 ± 0.15 
  4  0.30 ± 0.08 
  5  0.11 ± 0.04 
  6  0.05 ± 0.02 
 
Table 3.5  Relative rotational populations for HD formed in v˝ = 4 on HOPG held at 15 K, 
normalized to the v˝ = 4, J˝ = 0 state 
 
As can be seen in Table 3.4, the v″ = 3, J˝ = 6 state has a relative population of 0.03 ± 
0.03, which is effectively negligible, within error bars. Hence, it is unsurprising that 
higher rotational states were not detected. In order to compare the populations of the 
v˝ = 3 and 4 states, the data in Table 3.4 and Table 3.5 was scaled by the Franck-
Condon factor of the REMPI transition used to detect each rovibronic state. This is 
discussed further in Section 3.8.   99 
3.7  HD Formed in Vibrational States v″ = 5 – 7  
HD formed in the ro-vibrational states v″ = 5, 6 and 7 was also detected [10]. This 
work  was  conducted  after  an  interval  of  about  3  months,  due  to  experimental 
problems. A power cut occurred after the v″ = 4 data was taken, which resulted in 
significant loss in signal. The v″ = 4, J″ = 1 signal was reduced from 160 ion counts to 
27 ion counts for an accumulation time of 60 seconds. It was suspected that the drift 
tube of the TOFMS had been contaminated, thus the TOFMS was removed from the 
chamber, dismantled and cleaned. After reassembly and reinstallation of the TOFMS, 
the REMPI signals returned to their previous strength.  
 
However, despite the cleaning, the v″ = 5 signals remained elusive although large 
ranges of wavelength were searched for a REMPI transition. It transpired that the 
calculated 2-photon wavelength for the REMPI transition was not accurate, due to the 
values of the spectroscopic constants involved in equations 3.8, 3.9 and 3.10. Hence, a 
new method of calculating the energy of the rotational and vibrational levels within 
the E, F state and the X state was developed. This involved recalculating the values of 
EJ′, EJ″ and Ev″ with experimental data taken from Dabrowski and Herzberg [5], as 
described below. 
 
The constants for the E, F state used in the original v″ = 3 and 4 calculations are Be = 
24.568 cm
-1 and D = De = 0.0123 cm
-1, where Be is the equilibrium value of the 
rotational constant and D is the centrifugal distortion coefficient These values were 
obtained from the NIST database [4] and are sufficiently accurate for ro-vibrational 
levels where v′ = 0, but led to a large range of wavelengths being searched before HD 
formed in the v″ = 3 and 4 states was found, because these states are ionized via the v′ 
= 1 state. Thus for the v″ = 5 – 7 states, which are ionized via the resonant v′ = 1 – 3 
states respectively, experimentally derived constants from Dabrowski and Herzberg 
[5], shown in Table 3.6, are preferable to NIST data. The values given in this paper 
are Bv and Dv which are the rotational constant and centrifugal distortion detected for 
each vibrational state. Equation 3.9 was used to recalculate the rotational energy of 
the E, F state, EJ′, with the new values of Bv and by setting D = Dv.  
   100 
E, F state, v′   Bv (NIST)  Bv  Dv 
0  23.924  23.924  0.0123 
1  22.636  22.636  0.0118 
2  21.348  20.820  0.0830 
3  20.060  14.580  0.0997 
 
Table 3.6  Values for Bv and Dv taken from Dabrowski and Herzberg 1975 [5]. The NIST 
value has been calculated using ( ) 2
1 + - = v B B e v a , where Be = 24.568 and a = 
1.288. The NIST value for D is De = 0.0123, used for all vibrational levels in the 
E, F state [4]. 
 
As  aforementioned,  the  NIST  data  is  only  sufficiently  accurate  for  the  lowest 
vibrational levels. Therefore the energy of rotational levels within v″ = 5 – 7 in the X 
state, EJ″, also needed to be recalculated using values from Dabrowski and Herzberg 
[5]. The values of Bv and Dv used for the vibrational levels v″ = 5 – 7 in the X state are 
shown below in Table 3.7. The corresponding values from NIST are also shown. 
 
X state, v″  Bv (NIST)  Bv  Dv 
5  34.732  35.311  0.0228 
6  32.746  33.460  0.0221 
7  30.760  31.605  0.0219 
 
Table 3.7  Values for Bv and Dv taken from Dabrowski and Herzberg 1975 [5] for the X 
state. The NIST value has been calculated using ( ) 2
1 + - = v B B e v a , where 
Be = 45.655, a = 1.986. The NIST value for D is De = 0.026 used for all 
vibrational levels in the X state [4]. 
 
Dabrowski and Herzberg also provide the experimentally observed energy levels of 
all states in the X state relative to the v″ = 0, J″ = 0 state, E(v″, J″), and the energy of 
the v″ = 0, J″ = 0 state above the X state potential well, E0. These can be added to 
calculate Ev″, the X state vibrational energy of the HD molecule, such that  
 
Ev″ = E(v″, J″ = 0) + E0  3.12 
Ev″ + EJ″ can also be obtained directly from the Dabrowski and Herzberg paper by 
calculating E(v″, J″) + E0.   101 
The vibrational energy of the E, F state, Ev′, is not given in Dabrowski and Herzberg, 
but the band origins, v0
v, of the vibrational levels are provided. The band origin can be 
expressed as 
v0
v  = Eelec, E,F  + Ev′ – (Eelec, X  + E0)  3.13 
The 2-photon wavelength can then be determined by finding the difference in energy, 
 Etotal, between the ro-vibrational level in the X state and the ro-vibrational level in 
the E, F state, such that 
 Etotal = (Eelec, E,F  + Ev′ + EJ′) – (Eelec, X  + Ev″ + EJ″)  3.14 
where Eelec, E,F and Eelec, X  are the electronic energy levels of the E, F and X state 
respectively. Thus by substituting equations 3.12 and 3.13 into 3.14, we obtain 
 Etotal = v0
v  + EJ′  –  E(v″, J″ = 0)  – EJ″  3.15 
which can be calculated without using values from NIST.  
 
The wavelength of the dye laser photons required to carry out the REMPI transition is 
then calculated by doubling the 2-photon wavelength. As can be seen in Table 3.8, 
which shows the wavelengths of J″ = 1 transitions within each vibrational level, the 
wavelength values calculated using the Dabrowski and Herzberg are more accurate 
than those using constants from the NIST database for the higher vibrational states. 
 
v″  v′ 
Wavelength, 
Observed 
 / nm 
Wavelength, 
D&H 
 / nm 
 λ, O – D&H 
/ nm 
Wavelength, 
NIST  
/ nm  
 λ, O - NIST 
 / nm 
3  1  439.711  439.838  -0.127  439.619  0.092 
4  1  455.247  455.389  -0.142  455.001  0.246 
5  1  470.973  471.135  -0.162  470.482  0.491 
6  2  475.983  476.132  -0.149  475.142  0.841 
7  3  481.611  481.790  -0.179  479.780  1.831 
 
Table 3.8  The  calculated  and  observed  wavelengths  of  the  dye  laser  photons,  for  which  the 
transition X 
1Σg
+ (v″, J″ = 1) → E, F X 
1Σg
+ (v′ = 1, J′ = 1) occurs. O indicates the laser 
photon wavelength for an observed REMPI signal, D&H indicates that the Dabrowski 
and Herzberg constants have been used to calculate the laser photon wavelength and 
NIST indicates that only NIST constants were employed to calculate the laser photon 
wavelength. The difference in observed and predicted wavelength is also shown.   102 
The REMPI transitions are much closer to the predicted wavelength for v″ > 3, when 
the  predicted  wavelength  is  calculated  using  the  Dabrowski  and  Herzberg  values. 
Thus HD ion signals are much easier to find using this method. The v″ = 5 – 7 states 
were  found  in  quick  succession  in  a  period  of  3  weeks.  Typically  3  –  6  REMPI 
spectra were recorded non-sequentially for each ro-vibrational state. As before, the 
area under these peaks were converted into rotational populations relative to the J″ = 
0 state within each vibrational level, as shown in Table 3.9. For v″ = 5, the rotational 
states J″ = 0 – 6 were detected and signals were noticeably weaker than for the v″ = 4 
state. This trend continued as the v″ = 6 and 7 signals were also subsequently weaker 
than the v″ = 5 signals, such that only the J″ = 0 – 4 states could be found for the v″ = 
6 level and only the J″ = 0 – 3 states could be found for the v″ = 7 level. The relative 
vibrational populations will be quantified in Section 3.8. Longer accumulation times 
were required for these weak signals, such the time spent per wavelength step during 
the laser scan ranged from 120 s to 320 s. Signal-to-noise values were typically S/N ~ 
6 for strong signals and S/N ~ 0.9 for weak signals. Again, higher rotational levels 
than those detected were searched for, but not found.  
 
The rotational populations relative to the J˝ = 0 state are given in the table below: 
 
Table 3.9  Relative rotational populations for HD formed in v˝ = 5 – 7 on HOPG held at 15 
K, normalized to the J˝ = 0 state within each vibrational level. 
 
Rotational and Boltzmann plots were created for the v″ = 5 – 7 states and are shown 
in Figures 3.10 to 3.15. J″ = 2 is the most populated rotational state for v″ = 5 and 6, 
whereas for the lower vibrational levels v″ ≤ 4, J″ = 1 is the most populated. Similarly 
to the v″ = 4 Boltzmann plot, the v″ = 5, J″ = 6 state is overpopulated with respect to a 
thermal distribution. In fact, Table 3.9 shows that the population of the v″ = 5, J″ = 6 
 
v″        J″       
  0  1  2  3  4  5  6 
5  1.00 ± 0.15  1.40 ± 0.17  1.96 ± 0.24  0.72 ± 0.11  0.38 ± 0.08  0.09 ± 0.05  0.08 ± 0.05 
6  1.00 ± 0.32  2.10 ± 0.47  2.22 ± 0.48  0.59 ± 0.25  0.35 ± 0.19  -  - 
7  1.00 ± 0.44  1.88 ± 0.60  1.84 ± 0.56  1.11 ± 0.46  -  -  -   103 
state and the v″ = 5, J″ = 5 state are very similar, which would not be the case for an 
ideal Boltzmann distribution. However, the populations for these high rotational states 
are very small, taking into account the errors. The Boltzmann analysis of the v″ = 6 
and  7  rotational  populations  indicate  that  these  states  are  thermally  distributed. 
However,  the  ion  signals  for  the  v″  =  7  state  were  very  weak,  leading  to 
proportionately large error bars. Also, because the v″ = 7 signals were weak, long 
accumulation times of 320 s per wavelength step were used, resulting in scans which 
were  over  40  minutes  long,  during  which  the  dye  deteriorates  significantly. 
Consequently, there are large laser power fluctuations for the v″ = 7 signals. Hence 
there is a greater degree of uncertainty in the rotational temperature value for v″ = 7 
than for the other vibrational states. The rotational temperatures were found to be 338 
± 22 K for v″ = 5, 266 ± 55 K for v″ = 6 and 336 ± 102 K for v″ = 7. 
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Figure 3.10   Relative rotational populations for HD formed in vibrational level v″ = 5. The 
area under the REMPI peak for each J″ state has been laser power corrected 
and normalized to the J″ = 0 state. 
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Figure 3.11   Boltzmann  plot  for  the  relative  rotational  populations  for  HD  formed  in 
vibrational level v″ = 5 with a weighted least squares fit to the data.  The 
rotational temperature was found to be Trot = 338 ± 20 K. 
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Figure 3.12   Relative rotational populations for HD formed in vibrational level v″ = 6. The 
area under the REMPI peak for each J″ state has been laser power corrected 
and normalized to the J″ = 0 state. 
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Figure 3.13   Boltzmann  plot  for  the  relative  rotational  populations  for  HD  formed  in 
vibrational level v″ = 6 with a weighted least squares fit to the data.  The 
rotational temperature was found to be Trot = 267 ± 55 K. 
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Figure 3.14   Relative rotational populations for HD formed in vibrational level v″ = 7. The 
area under the REMPI peak for each J″ state has been laser power corrected 
and normalized to the J″ = 0 state.  
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Figure 3.15   Boltzmann  plot  for  the  relative  rotational  populations  for  HD  formed  in 
vibrational level v″ = 7 with a weighted least squares fit to the data. The 
rotational temperature was found to be Trot = 337 ± 102 K.  
 
The rotational temperatures of all the vibrational states investigated by the Cosmic 
Dust Experiment are tabulated below, including the data for v˝ = 0 – 2 from previous 
work [2]. These rotational temperature values are calculated from a weighted least 
squares fit to the Boltzmann plots and are much higher than the temperature of the 
HOPG surface for all vibrational levels. It can be seen that the rotational temperature   107 
peaks at v″ = 4. The average rotational energy of the states, which is determined from 
the  statistical  mechanics  calculation  described  in  Section  3.5  is  also  given.  The 
average rotational energy is a useful alternative measure of the rotational excitation 
for populations that do not strictly adhere to the Boltzmann distribution, which may 
be the case for the v˝ = 4 and 5 rotational populations, where the data points on the 
Boltzmann plots would be better described by a curve rather than a line of best fit.  
 
States Detected,  
v″, J″ 
Rotational 
Temperature / K 
Average Rotational 
Energy  / cm
-1 
v″ = 0, undetected  -  - 
v″ = 1, J″ = 0 – 4  246 ± 24  177 ± 4 
v″ = 2, J″ = 0 – 4   282 ± 31  180 ± 30 
v″ = 3, J″ = 0 – 6  330 ± 26  213 ± 4 
v″ = 4, J″ = 0 – 6  368 ± 22  217 ± 3 
v″ = 5, J″ = 0 – 6  338 ± 20  224 ± 3 
v″ = 6, J″ = 0 – 4  267 ± 55  163 ± 6 
v″ = 7, J″ = 0 – 3    337 ± 102  147 ± 8 
 
Table 3.10  Rotational temperatures and average rotational energy of HD formed on HOPG at 
15 K for all states investigated by the Cosmic Dust Experiment. As previously 
discussed, the v″ = 0 state could not be detected above the background HD in the 
target chamber.  
 
We can speculate that the data points on the Boltzmann plots in Figure 3.9 and 3.11 
do  not  follow  a  straight  line  due  to  the  presence  of  more  than  one  formation 
mechanism or different formation sites. However, there is no a priori reason for the 
rotational  populations  to  obey  a  Boltzmann  distribution.  However  Boltzmann 
distributions  have  often,  but  not  always  [11]  been  observed  for  recombination  on 
metal surfaces. For example, the rotational populations of D2 formed on an Ni(110) 
surface has been found to follow a Boltzmann distribution in a study by Winkler [12], 
with the calculated rotational temperatures being significantly higher than the surface 
temperature of 180 K. In this study, the rotational temperature was found to decrease 
with vibrational quantum number, where Trot = 2120 K, 1840 K, 1070 K, and 520 K 
for the desorbing D2 molecules in the vibrational states 0, 1, 2, and 3, respectively. 
Boltzmann  rotational  distributions  were  also  observed  for  the  formation  of  D2  on   108 
Ag(111) by Murphy and Hodgson [13], who found that the rotational temperature was 
Trot = 550 K, again much higher than the surface temperature of 210 K. Conversely, 
when  studying  the  formation  of  H2  on  Pd(100),  Schröter  et  al.  [14]  found  that 
although the rotational populations did obey a Boltzmann distribution, the average 
rotational temperature of the molecules was lower than that of the surface, with Trot = 
281 K from a surface at 570 K 
 
Furthermore,  the  reverse  process  to  the  associative  desorption  of  atoms  has  been 
observed, where molecules in a Boltzmann distribution dissociatively adsorb onto a 
surface [15, 16]. The final state distribution of product molecules from associative 
desorption can be related to the dynamics of dissociative adsorption by the principle 
of detailed balance [15]. The principle of detailed balance involves equating the rates 
of adsorption and desorption for a surface at equilibrium, which allows state-resolved 
sticking  coefficients  to  be  derived  from  state-resolved  desorption  data.  Thus,  it  is 
plausible that HD molecules formed from recombination on a graphite surface have 
nascent  rotational  populations  following  a  Boltzmann  distribution  and  that  the 
rotational temperature varies with vibrational level. 
 
The rotational temperatures calculated in Table 3.10 are much higher than the HOPG 
surface temperature of 15 K. Thus the binding energy of the H- and D-atoms must be 
converted into rotational energy on recombination. There must be some dynamical 
origin for the rotational angular momentum, possibly glancing collisions between H- 
and D-atoms to form HD molecules. The high rotational temperature indicates that 
the atoms do not thermalize with the surface before recombination. This would rule 
out the Langmuir-Hinshelwood mechanism, where both the H- and D-atoms undergo 
physisorption, thermalize with the surface and diffuse across the surface to react. 
Instead, the hot-atom mechanism, where the H- and D-atoms are bound to the surface 
but not thermalized, seems more plausible. The Eley-Rideal mechanism, where one 
atom in the gas phase impacts on the other preadsorbed atom, is unlikely to occur for 
this experimental set-up as the coverage of atoms on the HOPG surface is expected to 
be low. Previous work has determined the steady-state coverage of the HOPG surface 
to be approximately one hundredth of a monolayer [2].  
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The rotational temperatures shown in Table 3.10 range from 246 K to 368 K, near the 
value  of  room  temperature,  thus  we  must  eliminate  the  possibility  that  the  HD 
molecules were involved in collisions before detection. Extensive studies were carried 
out in previous work [2] to show that it is improbable that the HD molecules were 
thermalized. When experiments were repeated at half the pressure in the atom cell, 
and hence at half the pressure in the target chamber, no difference was found in the 
observed rotational temperature [3]. If the HD molecules collide with other atoms and 
molecules before detection, then the decrease in pressure would reduce the degree of 
thermalization and the value of the rotational temperature would be affected, which is 
not the case. This indicates that the determined rotational temperatures are indicative 
of the nascent rotational distribution and not of thermalized HD molecules.  
 
3.8  Relative Vibrational Populations 
As  well  as  quantifying  the  rotational  distribution  within  each  vibrational  level,  it 
would  be  valuable  to  quantify  the  vibrational  distribution  and  calculate  relative 
vibrational populations. To do this, the probability of each REMPI transition must be 
determined. The rate-determining step of the REMPI process is the transition from a 
(v″, J″) level in the X state to a (v′, J′) level in the E, F state, as the efficiency of the 
non-resonant ionizing step is large. Of course, the excitation step to the resonant E, F 
state has different probabilities of occurring depending on the states involved, and this 
is measured by its two-photon transition moment |Mfo|
2. 
 
Huo  et  al.  [17]  have  calculated  |Mfo|
2  for  REMPI  transitions  of  H2  and  HD  from 
different ro-vibrational levels in the X state (v″, J″) via E, F (v′ = 0, J′ = J″). This 
work showed that the magnitude of |Mfo|
2 varies significantly with the vibrational state 
but is not significantly dependent on the value of J″. For the H2 transitions, Huo et al. 
[17]  compared  their  calculated  |Mfo|
2  values  with  the  X  →  E,  F  Franck-Condon 
factors, FCFs, which are a measure of the overlap of two vibrational states. It was 
found that the probability of a REMPI transition occurring appears to be dominated 
by the relevant FCF. For HD, we compared the |Mfo|
2 values of Huo et al. [17] with 
the relevant FCFs as shown in Table 3.11. Again, it appears that the probability of a 
REMPI transition occurring appears to be dominated by the FCF.    110 
v″ →  v′  |Mfo|
2  FCF 
0 → 0  6.87  0.12 
1 → 0  22.12  0.31 
2 → 0  28.50  0.33 
3 → 0  19.07  0.18 
4 → 0  7.18  0.053 
5 → 0  1.53  0.0089 
6 → 0  0.18  0.0008 
 
Table 3.11  Two-photon transition moment, |Mfo|
2, taken from Huo et al. [17] and Franck 
Condon factor, FCF, for the transitions 
1Sg
+ X (v˝, J˝ = 0) → 
1Sg
+ E,F (v´ = 0, 
J´ = J˝ = 0) for v″ = 0 – 6. 
 
Huo et al. [17] provide the two-photon transition moment for the v′ = 0 level of the E, 
F state and v″ = 0 – 6 of the X state. However, the experiments detailed in this thesis 
involved transitions to the E, F states v′ = 1, 2 and 3 and go up to the v″ = 7 level of 
the X state. For the FCFs of the states actually used to obtain data, with their values of 
v″ and v′, see Table 3.2. As aforementioned, the resonant E, F states were selected due 
to  their  favourable  FCFs  for  the  particular  v″  →  v′  REMPI  transition,  because  a 
transition with a high FCF will correspondingly have a high value of |Mfo|
2 and thus 
lead to strong, detectable signals. We extend the conclusions from the study Huo et al. 
[17] and assume that the REMPI probability for these transitions is dominated by the 
relevant FCFs and does not depend strongly on rotational state. Hence, to express the 
relative  rotational  populations  of  all  the  vibrational  states  on  the  same  scale,  the 
REMPI  signal  of  all  ro-vibrational  states  must  be  divided  by  the  Franck-Condon 
factor of the transition. 
 
Scaling the normalized ion signals of each REMPI transition by the appropriate FCFs 
gives an indication of the relative ro-vibrational populations as shown in Figure 3.16. 
The scaled normalized signals are then summed within each vibrational level to give   111 
the  total  normalized  signal  for  each  vibrational  state,  which  indicates  the  relative 
vibrational populations, shown in Figure 3.17. The validity of this intercomparison of 
vibrational states lies in a variety of experimental parameters remaining effectively 
constant for all sets of data collection. For example, the laser alignment and beam 
shape,  the  atom  fluxes  from  the  sources  and  the  ion  detection  efficiency  are 
experimental parameters that change over time. As stated previously, the v″ = 5 – 7 
data was collected three months after the v″ = 3 and 4 data. However, every effort was 
made to ensure that the experimental conditions were identical for ionization of the v″ 
= 3 and 4 states and the v″ = 5 – 7 states. It is important to realize that the TOFMS 
measures the density of the ionized nascent molecules and this measurement is related 
to the flux of desorbing HD molecules by the velocity of the ion. Thus, implicit in the 
intercomparison of ro-vibrational levels, is the assumption that the nascent velocities 
of HD in all vibrational levels are similar. From the temporal widths of our TOF mass 
spectra, which are not dependent on the HD vibrational level, we have no reason to 
assume that there is a difference in velocity of HD in different v″ states. Furthermore, 
HD in all vibrational states is known to have translational energy under 1.1 eV. This 
is discussed in Section 3.10. 
 
Also included in Figures 3.16 and 3.17 is v″ = 1 and 2 data collected in previous work 
[1, 2], which has been scaled by the appropriate FCFs using the same methodology 
described  above.  Since  these  data  on  the  lower  vibrational  states  were  recorded 
sometime earlier, although under very similar conditions, there is undoubtedly more 
uncertainty in the relative vibrational populations we derive. Due to the considerable 
reconfiguration of the laser system necessary  to detect the  v″ = 1 and 2 states, a 
remeasurement of the intensities of these vibrationally excited molecules from the 
surface would be no more accurate than comparing with our previous measurements. 
For v″ = 1 and 2, the YAG light is energy doubled to pump the dye laser and the dye 
laser light is energy tripled to produce the REMPI photons; whereas for the v″ = 3 – 7 
states the YAG light is energy tripled to pump the dye laser and the dye laser light is 
energy doubled to produce the REMPI photons. Further details of the difference in 
laser configuration for the v″ = 1 and 2 states are given in Chapter 2. The magnitude 
of  the  laser  power  and  the  laser  power  fluctuations  are  similar  for  both  laser 
configurations, therefore the intercomparison of the v″ = 1 and 2 states to the v″ = 3 – 
7 states is still valid, despite the change in laser system.    112 
 
The ro-vibrational states in the v″ = 0 level cannot be detected due to thermalized HD 
molecules  in  the  vacuum  chamber  swamping  the  REMPI  signals  as  described  in 
Section 3.2. Without the detection of the v″ = 0 state, a Boltzmann plot cannot be 
constructed  for  the  ro-vibrational  populations.  The  average  ro-vibrational  energy, 
calculated using  ∑ =
J v
J v J v E P E
,
, , , is 1.75 eV, where all non-detected states are 
neglected and the v″ = 0 state ro-vibrational populations have been taken to equal the 
v″ = 1 state ro-vibrational populations, with∑ =
J v
J v P
,
, 1. An alternative method is to 
assume that the populations of the v″ = 0 states are negligible, as well as all non-
detected states, which gives an average internal energy of 1.83 eV. 
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Figure 3.16  Relative ro-vibrational populations for HD formed in vibrational level v″ = 1 – 7 
on an HOPG surface held at 15 K. The normalized ion signal has been scaled by 
the appropriate FCFs as described above.    113 
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Figure 3.17  Relative vibrational populations for HD formed in vibrational level v″ = 1 – 7 on 
an HOPG surface held at 15 K. The rotational populations have been summed 
within each vibrational level to obtain this plot. 
 
Figure 3.17 clearly shows that the total vibrational population roughly doubles with 
vibrational state up to the v″ = 4 state, after which there is a decline in the vibrational 
populations. The raw data of Figure 3.16 and Figure 3.17 are given in Table 3.12 and 
Table 3.13 respectively below: 
 
v″ 
      J″       
  0  1  2  3  4  5  6 
1  79 ± 9  144 ± 10  75 ± 10  31 ± 9  9 ± 7  -  - 
2  89 ± 26  400 ± 72  180 ± 36  93 ± 29  26 ± 21  -  - 
3  330 ± 65  642 ± 105  379 ± 86  207 ± 55  113 ± 53  29 ± 16  8 ± 9 
4  560 ± 137  983 ± 190  833 ± 127  387 ± 83  168 ± 46  64 ± 23  30± 13 
5  209 ± 31  293 ± 36  411 ± 51  151 ± 23  80 ± 17  18 ± 11  17 ± 11 
6  40 ± 13  84 ± 19  88 ± 19  23 ± 10  14 ± 8  -  - 
7  33 ± 14  61 ± 20  60 ± 20  36 ± 15  -  -  - 
 
Table 3.12  Relative ro-vibrational populations for HD formed in vibrational level v″ = 1 – 7 
on an HOPG surface held at 15 K. The normalized ion signal has been scaled by 
the appropriate FCFs as described above.   114 
 
Vibrational Level, v″  Total normalized signal 
1  339 ± 20 
2  788 ± 92 
3  1708 ± 169 
4  3025 ± 284 
5  1179 ± 77 
6  60 ± 8 
7  30 ± 5 
 
Table 3.13  Relative vibrational populations for HD formed in vibrational level v″ = 1 – 7 on 
an HOPG surface held at 15 K. The relative rotational populations in Table 3.12 
have been summed within each vibrational level to obtain this plot. 
 
3.9  Consecutive Scans 
A  series  of  rapid  consecutive  scans  were  carried  out  in  order  to  check  the  ro-
vibrational populations calculated in Figure 3.16. Three REMPI scans were carried 
out and averaged for the most abundant J″ state in each v″ state for vibrational levels 
v″ = 3 – 7. The states used were (v″, J″) = (3, 1), (4, 1), (5, 2), (6, 2) and (7, 2). The 
normalized ion signals were then scaled by the appropriate Franck-Condon factors as 
described previously in Section 3.8. The population of the one rotational state was 
then used to scale the population of the other rotational states within each vibrational 
level  to  obtain  the  full  ro-vibrational  distribution.  This  allowed  data  collection  to 
occur over a very short timescale of a few days, enabling experimental conditions to 
be kept constant. In particular, conducting the scans consecutively facilitates more 
consistency in laser alignment, beam shape, atom flux and source and target chamber 
pressure.  The  ro-vibrational  populations  obtained  the  consecutive  scans  is  shown 
below in Figure 3.18. 
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Figure 3.18  Relative ro-vibrational populations for HD formed in vibrational level v″ = 3 – 7 
on an HOPG surface held at 15 K calculated by conducting consecutive scans of 
the most populated rotational state in each vibration level, then scaling the rest of 
the rotational state populations to the most populated rotational state. 
 
Using this methodology of scaling by the consecutive scans, the populations of the v″ 
= 3 and 5 states appear to be reduced in comparison to Figure 3.16, although the v″ = 
4 states were found to be approximately similar in population for Figure 3.18 and 
Figure 3.16. When comparing the results of the two methodologies, it was found that 
the populations of 19 of the 30 detected ro-vibrational levels agree within 1σ; whilst 
28 of the 30 levels agree within 3σ. Hence, it seems clear that the data presented in 
Figures  3.18  and  3.16  sample  the  same  ro-vibrational  distribution,  within 
experimental uncertainty. 
 
3.10 Translational Energy 
The primary goal of the Cosmic Dust Experiment is to determine the ro-vibrational 
population distribution of nascent molecular hydrogen forming on the surface of dust 
grains  in  the  interstellar  medium.  However,  additional  information  such  as  the 
translational, namely kinetic, energy of the nascent hydrogen can also be ascertained 
from  the  experiment.  This  information  may  have  important  consequences  for  the   116 
energy  budget  of  chemical  reactions  in  the  interstellar  medium.  Furthermore,  the 
translational  energy  and  the  full  ro-vibrational  distribution  of  nascent  hydrogen 
molecules can be used to constrain the energy transferred to the surface during the 
formation process, as described in Section 3.11. 
 
The translational energy of the HD molecules desorbing from the HOPG surface in 
the Cosmic Dust Experiment cannot be measured directly with our current TOF mass 
spectrometer. Nevertheless, the temporal widths of the TOF mass spectra can be used 
to infer an upper limit to the translational energy in the direction towards the MCP 
detector, which is perpendicular to the HOPG surface. An example of a TOF mass 
spectrum is given in Figure 3.1. The temporal widths of the peaks in a TOF mass 
spectrum depend on many factors. Jitter in the timing electronics and non-uniformity 
in  the  electric  fields  can  lead  to  a  spread  in  the  flight  times  of  an  ion.  Also,  if 
molecules  desorb  from  the  surface  with  non-zero  kinetic  energy,  they  have  a 
distribution of velocities in all directions. When these molecules are ionized, they 
retain  their  translational  energy  and  the  velocity  distribution  will  affect  the  flight 
times of the ions, and will, in principle, contribute to the width of the peaks in a TOF 
mass spectrum. 
 
To  illustrate  the  effect  of  the  velocity  distribution  on  the  time-of-flight  of  ions, 
consider two ions, which are formed at the same point with the same magnitude of 
velocity, but travelling in opposite directions. Ion 1 is travelling towards the MCP 
detector,  whereas  ion  2  is  travelling  in  the  opposite  direction,  with  both  motions 
perpendicular to the HOPG surface. Ion 2 will be decelerated by the electric field in 
the source region of TOFMS, until it becomes stationary, then accelerated to the same 
speed as ion 1. Thus ion 2 has been ‘turned around’ and the motion of the two ions 
has become identical, except for the time-lag of ion 2. Therefore, there will be a 
spread in the flight times, dt, of the ions hitting the detector, which is equal to the 
‘turn-around  time’.  This  turn-around  time  is  equal  to  twice  the  time  required  to 
decelerate ion 2. If s is the distance required to bring ion 2 to a halt, then 
s qsE U = 0   3.16 
where U0 is the initial kinetic energy of the ions, m is the mass of the ion, q is the 
charge on the ion and Es is the electric field in the source region of the TOFMS.    117 
 
Using the equation of motion and the standard expression for the kinetic energy, KE, 
both given below, where v, vf and vi are the velocity, final velocity and initial velocity 
respectively, s0 is the initial position and t is the time: 
2
2
1
mv KE =  
3.17 
t v v s s i f ) (
2
1
0 + + =
 
3.18 
 
We obtain dt, the spread in the flight times 
( )
s qE
mU
t
2
1
0 2 2
= d  
3.19 
This expression for dt was first given in Wiley and McLaren 1955 [18]. 
 
The flight time of an ion with zero initial kinetic energy is known as the thermal flight 
time, ttherm, and lies between the flight time of ion 1 and ion 2: 
( )
s
t therm qE
mU
t t
2
1
0
exp
2
+ =  
3.20 
where texpt is the measured time-of-flight of the ion with initial kinetic energy U0 in 
the direction of the detector. 
 
Considering equations 3.16 and 3.17, equation 3.20 can be rearranged to give 
[ ]
m
qE
t t v
s
therm z - - = expt   3.21 
where vz is the velocity of the ion in the direction towards the detector, perpendicular 
to the surface. 
 
Thus, if the spread in times of flight of ions are due to the initial velocity of the ions 
only, then vz can be calculated using equation 3.21. Of course, this cannot be the case 
for the HD
+ ions involved in the Cosmic Dust Experiment as all TOF mass spectra 
obtained to date have very similar peak widths for the HD peak. This indicates that 
the HD peak width is dominated by the instrument function of the TOFMS, not by the 
translational energy of the HD ions.   118 
 
However, we can calculate an equivalent value of vz for our HD peaks, which are 
approximately 40 ns wide. This value of vz corresponds to the minimum velocity an 
ion would have to have in order to cause observable peak broadening. The spread in 
flight times of the ions dt is 40 ns, the charge, q, on the ion is 1.60 × 10
-19 C, the mass 
of HD is 4.98 × 10
-27 kg. The source field, Es, is 
4 10 33 . 1
03 . 0
400
´ =  V m
-1, because the 
separation of the middle and repeller plate is 0.03 m and the voltages on the middle 
and repeller plates were 400 V and 0 V respectively, when the mass spectrum was 
taken. As the thermal flight time occurs at the centre of a spectral peak, we can use 
[ ]
2
expt
t
t t therm
d
= -   3.22 
to obtain vz = 8.57 × 10
3 ms
-1. The equivalent translational energy is ~1.1 eV or a 
translational temperature of Ttrans < 12 800 K. 
 
Thus, for the HD
+ ions to cause observable broadening in the TOF mass spectra, they 
must  have  initial  kinetic  energies  above  1  eV.  Hence  we  assume  an  approximate 
upper limit to the translational energy of nascent HD formed on our HOPG surface of 
1  eV.  This  is  supported  by  the  findings  of  Roser  et  al.  [19]  who  monitored  the 
translational temperature of D2 desorbed in TPD experiments from an amorphous ice 
surface previously dosed with D-atoms. Roser et al. calculate that the kinetic energy 
of the hydrogen molecules is ~3 meV. Hence, the upper limit of 1 eV derived above 
may be a considerable overestimate, although it should be noted that the HD
+ ions in 
consideration are forming on a non-porous HOPG surface, rather than on porous ice, 
as  in  the  Roser  et  al.  study.  This  is  an  important  difference  because  molecules 
desorbing from a porous surface are more likely to get trapped in pores and thus lose 
their translational energy before escaping the surface. 
 
The installation of a position sensitive detector will allow the translational energy of 
the HD
+ ions to be calculated more precisely. This is discussed further in Chapter 5. 
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3.11 The Energy Budget 
The upper limit of 1 eV to the translational energy of nascent HD molecules formed 
on an HOPG surface held at 15 K can be used to partition the 4.48 eV released during 
the formation of the molecules between various modes. Firstly, there is the internal 
energy of the HD molecule, consisting of the vibrational and rotational modes which 
are  probed  directly  by  the  Cosmic  Dust  Experiment.  Secondly,  there  is  the 
translational energy of the molecule, which is known to be less than 1 eV. Thirdly, 
there is  energy that is lost to the HOPG surface during formation. There may be 
important consequences to molecular hydrogen being formed with significant internal 
excitation. Energy may be emitted from nascent H2 molecules, providing a cooling 
mechanism for a molecular cloud in the early stages of star formation. This cooling 
facilitates  the  collapse  of  a  cloud  to  form  a  star.  Also,  ro-vibrationally  excited 
hydrogen molecules may have enough energy to overcome the energy barriers to form 
radicals such as OH and CH
+ in the ISM [20, 21]. Furthermore, highly excited H2 
molecules with v″ > 4 may be directly ionized or undergo charge-exchange with H
+ to 
form  H2
+.  H2
+  can  then  subsequently  react  to  form  H3
+,  an  important  precursor 
molecule  for  much  of  the  chemistry  in  the  ISM,  as  discussed  in  Chapter  1.  If  a 
significant proportion of the binding energy is deposited into dust grains during the 
formation of molecular hydrogen in the ISM, then this may cause localized heating of 
the grain mantle to desorb other molecules [22, 23]. Thus, the energy partition of the 
binding energy of molecular hydrogen is of great importance to interstellar chemistry. 
 
Using the standard spectroscopic equations given in equations 3.8, 3.9 and 3.10, the 
energy into the vibrational and rotational modes of a HD molecule can be calculated 
for  each  value  of  v″  and  J″.  The  translational  energy  upper  limit  is  1  eV,  which 
corresponds  to  22%  of  4.48  eV.  As  aforementioned,  it  is  unlikely  that  the  HD 
molecules  are  thermalizing  with  gas  in  the  vacuum  chamber  and  thereby  losing 
energy to other molecules. Hence, the remainder of the energy is assumed to flow into 
the HOPG surface. Table 3.14 below details how the binding energy is partitioned for 
HD molecules in a selection of particular v″, J″ states: 
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HD State  Energy Distribution, % of 4.48 eV 
v″  J″  Translation  Vibration  Rotation  Surface 
1  0  22  15  0  62 
1  4  22  15  2  60 
2  0  22  25  0  54 
2  4  22  25  2  51 
3  0  22  34  0  44 
3  6  22  34  4  40 
4  0  22  42  0  35 
4  6  22  42  4  31 
5  0  22  50  0  28 
5  6  22  50  4  24 
6  0  22  58  0  20 
6  4  22  58  2  18 
7  0  22  65  0  13 
7  3  22  65  1  12 
 
Table 3.14  The distribution of the 4.48 eV binding energy into the different modes of a HD 
molecule. The energy into the vibrational and rotational modes is calculated as 
described in the text. The upper limit of the translational energy is taken as 22% 
and the remainder is assumed to be lost to the surface. 
 
As  shown  in  Section  3.8,  the  average  internal  energy  of  the  HD  molecules  is 
calculated to be 1.83 eV, neglecting the populations of the v″ = 0 state and other non-
detected ro-vibrational states. This corresponds to 40.9 % of the binding energy being 
converted  into  internal  energy  on  average.  The  internal  energy  is  the  sum  of  the 
vibrational  and  rotational  modes,  with  40.3  %  and  0.6  %  of  the  binding  energy 
converted into vibrational and rotational energy respectively. An upper limit of 22 % 
of the binding energy may be converted to kinetic energy, hence at least 37.1 % of 
4.48  eV  must  be  lost  to  the  HOPG  surface.  As  the  translational  energy  may  be 
significantly lower, the energy that flows into the surface may be even higher, up to 
59.1 % of the binding energy; the energy imparted to the surface must be 1.66 – 2.65 
eV.  Thus,  there  may  be  heating  of  interstellar  dust  grains  by  the  formation  of 
molecular hydrogen. Of course, in the ISM, molecular hydrogen is mainly in the form 
of H2. For H2, the internal energy is expected to be marginally higher than for HD, as   121 
the energy levels are more spaced out within the potential well, therefore the energy 
that flows into the surface during the formation process may be less for H2 than for 
HD. This is discussed further in Chapter 4. If states with v″ ≥ 8 are significantly 
populated, the internal energy of nascent hydrogen molecules will be much higher and 
very little energy will be lost to the dust grain during formation. However, we feel this 
is unlikely due to the sharp decline in population with progressive vibrational state for 
states with v″ ≥ 4. 
 
3.12 Discussion 
In this section we will discuss the results presented above in conjunction with other 
studies  relevant  to  the  formation  of  molecular  hydrogen  on  surfaces  analogous  to 
interstellar dust grains. Both theoretical and experimental work will be discussed. For 
astronomical implications of H2 formation and observations of formation pumping, 
see Chapter 4 and Chapter 1. 
 
3.12.1     Comparison of Results to Theoretical Studies 
Theoretical  studies  of  the  heterogeneous  recombination  of  hydrogen  atoms  have 
mainly focused on the Eley-Rideal (ER) mechanism [24-39] because this mechanism 
is  easier  to  model  than  the  Langmuir-Hinshelwood  (LH)  mechanism  [40-43].  As 
described in Chapter 1, the ER mechanism consists of an incident atom in the gas 
phase  colliding  with  a  preadsorbed  atom  on  the  surface;  whereas  in  the  LH 
mechanism, both atoms reach equilibrium with the surface, then diffuse together and 
react. The ER mechanism is more straightforward in modelling terms because there is 
only one atom bonded to the surface, and this atom is localized. Most ER studies 
consider  the  preadsorbed  atom  to  be  chemisorbed  to  the  surface  [26,  36,  44,  45] 
although  a  few    consider  physisorbed  atoms  [37,  46].  The  ER  studies  have  been 
discussed in Chapter 1 and predict a variety of different ro-vibrational distributions 
for nascent molecular hydrogen. Most studies are in agreement with our results in that 
ro-vibrational  excitation  of  nascent  molecules  is  predicted,  but  the  amount  of 
vibrational  energy  predicted  is  inconsistent.  In  the  most  recent  study  to  date, 
Bachellerie et al. [35] studied the ER mechanism whereby a gaseous H-atom reacts   122 
with a chemisorbed H-atom on graphene. The graphene sheet is allowed to pucker out 
on adsorption of an H-atom. Bachellerie et al. predict similar internal excitation to our 
observations, with <v˝> = 5 – 4 and <J˝> = 2 – 4. The work by Meijer et al. [28], 
which involves a time-dependent wave packet method to study the formation of H2 on 
graphite, predicts that the v˝ = 3 – 5 states will be most populated, as is observed by 
our experiments. Conversely, Meijer et al. also predict high rotational excitation, with 
J˝ = 8 – 11 being the most populated, in contrast to our experimental results, where J˝ 
= 1 and 2 are the most populated rotational states. The trajectory calculations of Kim 
et al. [47] study the recombination of hydrogen atoms on graphite grains in the limits 
of strong and weak interactions between the atoms and the grain surface. For the 
strong  gas-grain  interactions,  where  chemisorption  dominates,  the  ro-vibrational 
distribution spans v˝ = 0 – 4 and peaks at J˝ = 0, thus is similar to our results. Other 
than the study by Kim et al. [47], the rotational excitation detected by the Cosmic 
Dust Experiment is much lower than predicted by theory. 
 
However, the comparison of ER models of molecular hydrogen formation may not be 
appropriate to the results of the Cosmic Dust Experiment. This is because our incident 
atoms are at room temperature, with an equivalent energy of ~ 26 meV, and thus do 
not have sufficient energy to chemisorb to the graphite surface, assuming chemistry at 
defects is unimportant. A barrier to chemisorption was first derived theoretically by 
Jeloica and Sidis [48] and later confirmed experimentally by Zecho et al. [49] to be 
0.2 eV. The chemisorption barrier also implies that the LH mechanism dominates H2 
formation  in  diffuse  and  dark  clouds,  where  the  interstellar  gas  has  very  low 
temperatures of 10 – 100 K [50]. Furthermore, as previous work has calculated that 
the coverage of the HOPG surface in the Cosmic Dust Experiment is much less than a 
monolayer [2], a gas phase atom is unlikely to impact on a preadsorbed atom, hence 
ER reactions do not dominate the HD formation process.  
 
Morisset et al. [40, 41] have studied the LH mechanism using quantum dynamical 
calculations  of  H-atoms  physisorbed  on  a  graphite  surface  and  predict  that  the 
formation of molecular hydrogen is efficient at 15 K, which has been confirmed by 
our experimental results. Morisset et al. [41] found that nascent H2 molecules are 
likely to be highly vibrationally excited, with the most populated states being v˝ ~ 12, 
J˝ ~ 10 for incident atoms at energies 10 – 50 meV. Thus this study predicts higher ro-  123 
vibrational excitation than observed by the Cosmic Dust Experiment. Nevertheless, 
the Morisset et al. study is in accordance with our results in that at least some ro-
vibrational  excitation  is  expected  and  the  population  of  the  ro-vibrational  states 
increase with v˝ and J ˝above v˝ = 0 to peak at some higher v˝, J ˝ state. Morisset et al. 
explain this phenomenon in the  following way: The  H2 molecules trapped on the 
graphite surface will rotate and vibrate. The rotational and vibrational motions in the z 
axis are hindered by the surface, where the z axis is perpendicular to the plane of the 
surface. When the rotational and vibrational motions of the molecule are hindered, the 
molecule may desorb rapidly; hence molecules with more motion in the z direction 
have the greatest probability of desorption. When v˝ = 0, the motion of the molecule is 
directed along the z axis, thus these states dissociate back to atoms. As v˝ increases, 
the vibrational motion becomes more parallel to the surface and  consequently the 
lifetime of the H2-graphite complex increases with v˝. Morisset et al. found that the 
ro-vibrational populations, explicitly the reaction probability to form particular ro-
vibrational states, are dependent on the lifetime of the H2-graphite complex. Hence, 
the population of the ro-vibrational states increase with v˝ above v˝ = 0.  
 
Bachellerie et al. [43] modelled a non-rigid graphene sheet as an interstellar surface 
on which physisorbed H-atoms recombined via the LH mechanism. The desorbing H2 
molecules were then allowed to undergo collisions with the graphene, acting as pore 
walls within the grain. The results were similar to the Morisset et al. study [41] in that 
the nascent molecules have high ro-vibrational excitation, with v˝ ~ 12 – 14 , J˝ ~ 10. 
It was found that typically only ~ 0.05 eV is imparted to the surface during formation, 
which is in contrast to the 1.66 – 2.65 eV calculated from our experimental results in 
Section 3.11. If a nascent H2 molecule collides with the graphene walls, it may be 
reflected or trapped onto the surface. Most collisions result in reflections, as only 7 % 
of  H2  molecules  get  trapped  at  T  =  200  K.  For  the  reflected  molecules,  there  is 
significant  conversion  of  the  vibrational  energy  to  rotational  energy  with  each 
subsequent impact. After 10 – 15 impacts, the rotational distribution is extended from 
5 < J˝ < 20 upward by 5 to 10 quanta, whilst the vibrational distribution is cooled 
from  5  <  v˝  <  15  down  to  0  <  v˝  <  10.  On  average,  0.03  eV  is  converted  to 
translational energy and 0.05 – 0.06 eV flows into the surface per impact event. After 
12 ps, H2 molecules typically undergo 12 impacts with reflections and 6 impacts with 
trapping, such that 56% of molecules are reflected and 44% are trapped. This suggests   124 
that our results, where the vibrational distribution peaks at v˝ = 4, may be explained if 
the nascent HD molecules undergo collisions before being ionized by the REMPI 
photons.  However,  this  is  unlikely  to  be  the  case  as  HOPG  is  non-porous,  hence 
molecules will not collide with pore walls. Also, as discussed previously, the HD 
molecules detected in our experiment have not thermalized with background gas in 
the chamber. Furthermore, the Bachellerie et al. models predict high rotational states 
after collisions, in contrast to the low rotational excitation detected by the Cosmic 
Dust Experiment.  
 
Work on the LH mechanism by Kerkeni and Clary [42] has also been conducted. 
Although this study predicts less internal energy of nascent hydrogen molecules than 
the Bachellerie et al. [43] and Morisset et al. [40, 41] LH studies, with the distribution 
peaking at v˝ ~ 8, the degree of ro-vibrational excitation is still a little higher than 
observed in our investigations. Thus, in general, theoretical models of the formation 
of molecular hydrogen via the LH pathway predict higher ro-vibrational excitation 
than observed by the Cosmic Dust Experiment. This may be due to defects in the 
HOPG  surface  used  in  the  experiment.  Defects  may  affect  the  ro-vibrational 
distribution of a nascent molecule as they allow atoms to chemisorb, hence bond more 
strongly  with  the  graphite  surface.  Thus  more  energy  may  be  lost  to  the  surface, 
reducing the internal energy of a nascent hydrogen molecule [46]. As a consequence 
of a defected surface, the formation of HD in the Cosmic Dust Experiment may not be 
completely dominated by the LH mechanism. Instead there may be contributions from 
the ER mechanism, where defects facilitate chemisorption.  
 
In  general,  ER  studies  often  predict  vibrational  excitation  [24-39]  less  than  or 
comparable to that observed by the Cosmic Dust Experiment, whereas the LH studies 
usually  predict  more  internal  energy  [40-43].  Hence,  it  is  also  probable  that  the 
formation mechanism occurring in our experiment lies between the two extremes of 
ER and LH, whereby at least one of the H or D-atoms are trapped on the HOPG 
surface and diffuses across the surface to react with another atom and at least one of 
the  atoms  is  not  thermalized  by  the  surface.  This  is  known  as  the  ‘hot  atom’ 
mechanism, which has not yet been studied in detail, so there are no predicted internal 
energies of nascent molecules formed via this mechanism to date. As described in 
Section 3.7, the rotational temperatures calculated for all vibrational levels detected   125 
are much  greater than the HOPG surface temperature.  It is possible that the high 
rotational  temperatures  are  due  to  incident  atoms  not  being  thermalized  with  the 
surface before recombination. This scenario favours the hot atom mechanism, where 
at least one of the atoms is not thermalized with the surface, over the LH process, 
where both atoms are in equilibrium with the surface.  
 
Undoubtedly it is the formation process, whether it is dominated by the ER, LH or the 
hot atom mechanisms or a combination of these, that determines the energy partition 
between  internal  and  translational  energy  of  nascent  molecules  and  the  energy 
imparted to the HOPG surface during formation. The results presented in this thesis 
confirm experimentally that nascent hydrogen molecules are ro-vibrationally excited, 
as predicted by theory. 
 
3.12.2     Comparison of Results to Experimental Studies 
Govers et al. [51] used bolometry to determine the sticking probabilities of H-atoms 
on a 4 K surface. From this data, the rate of H-atom recombination as a function of 
surface coverage was determined. It was also found that when the surface was pre-
dosed with D2 molecules, the recombination of H-atoms liberated D2 molecules from 
the surface. There are two possible pathways for the desorption of the D2 molecules: 
either  a  proportion  of  the  H-H  binding  energy  may  have  flowed  into  the  surface 
during  recombination  to  cause  localized  heating  of  the  surface  and  desorb  D2 
molecules,  or,  nascent  H2  collided  with  D2  molecules  to  liberate  them  from  the 
surface. Both these pathways result in a reduction of the internal energy of nascent H2. 
On average, it was found that at least one D2 molecule is desorbed per recombination 
event, although it is assumed that this number will be a function of the coverage. In 
light of this study, we must examine the possibility that a significant fraction of the 
HD molecules desorbing from the HOPG surface in the Cosmic Dust Experiment may 
not be nascent molecules, but instead arise from “secondary” desorption events. It is 
feasible  that  the  HD  molecules  may  be  nascent  molecules  that  have  undergone 
impacts with other molecules on the surface before desorption, or they may be pre-
formed HD molecules liberated by nascent HD molecules. However, previous work 
[1, 2] employing a kinetic model and data supplied by Govers et al. [51, 52] has   126 
shown that the coverage on our HOPG surface is dominated by hydrogen molecules 
in  the  chamber,  not  by  HD  formed  from  the  reaction  atoms  on  the  surface.  The 
coverage has been found to be very low: approximately 1 % of a monolayer. Hence, 
under these low coverage conditions, the HD molecules detected in the Cosmic Dust 
Experiment  are  assumed  to  be  nascent  molecules,  which  desorb  from  the  surface 
without collisions with preadsorbates. 
 
Govers et al. [51] have shown that H-atoms are mobile on a surface with temperatures 
as low as 4 K, which implies H2 formation is efficient at very low temperatures. This 
agrees with our experimental results, which could not be obtained if HD formation 
were not efficient on HOPG at 15 K. However, the results of both our work and the 
study by Govers et al. are somewhat in contrast to the work of the Pirronello group 
[19, 53-77]. This group uses temperature-programmed desorption (TPD) experiments 
to  study  the  formation  of  molecular  hydrogen  on  amorphous  carbon,  silicate  and 
water  ice  surfaces  at  5  –  20  K.  In  some  of  the  Pirronello  experiments  [68],  the 
detection of HD is attempted during dosing of the surface by H and D in order to 
investigate  the  ‘prompt’  reaction  of  the  atoms.  HD  is  also  detected  after  dosing, 
during the heating stage of the TPD, in order to study the ‘delayed’ reaction. It was 
found that the prompt reaction is weak for surfaces at low temperatures such as 15 K, 
in disagreement with our results. Pirronello and co-workers have also suggested that 
the  recombination  process  is  thermally  activated;  hence  the  delayed  reaction  is 
efficient at temperatures as low as 8 K. However, it must be noted that the surfaces 
used by Pirronello et al. [68] are mostly amorphous surfaces; whereas the Cosmic 
Dust Experiment employs non-porous and well-ordered HOPG. Hence, the prompt 
reaction is probable on HOPG, but may be less likely to occur if nascent molecules 
thermalize in pores. This thermalization has been shown to occur by TPD studies of 
the reactivity of H- and D-atoms on amorphous water surfaces [19, 78]. Significantly 
reduced HD signals for the delayed reaction were observed when a non-porous water 
surface, was irradiated with H- and D-atoms. The reduction in signal indicated that on 
a non-porous surface, the nascent molecules are lost promptly to the gas phase during 
dosing,  before  the  heating  cycle.  Thus  it  is  likely  that  such  promptly  desorbing 
molecules  will  be  detected  in  our  continuous  dosing  experiments  on  non-porous 
HOPG. 
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Also, the flux of incident atoms on the surface in the Pirronello experiments are 10
12 
atoms cm
2 s
-1, which is a factor of 10 lower than for the Cosmic Dust Experiments, 
hence the Pirronello results may be applicable to a different energy regime than our 
experiments. The Pirronello group [68] suggest that at low coverages, the principal 
formation  process  is  the  LH  mechanism,  but  at  high  coverages  approaching  a 
monolayer, the hot atom mechanism dominates. Again we can compare this to our 
results, where we estimate we have coverage of 1 % of a monolayer, but have a much 
higher flux of incident H-atoms on the surface. Therefore, the hot atom mechanism 
seems the most likely pathway to HD formation, unless defects play a significant role.  
 
Pirronello and co-workers [54] constructed kinetic models from their H- and D-atom 
TPD experiments. It was determined that 40 % of the nascent HD molecules reside on 
the surface for significant timescales before desorption. The residence time must be at 
least  comparable  with  the  timescale  of  a  TPD  experiment.  This  indicates  that  a 
considerable amount of the energy released upon formation of the H–D bond must 
flow into the surface before desorption. This result in accordance with the energy 
partition calculations in Section 3.11, where it was determined that at least 37.1 % of 
the H-D binding energy must be imparted to the HOPG surface. 
 
As previously discussed, there is a 0.2 eV barrier to chemisorptions [33, 48, 49] on 
graphite  surfaces,  which  arises  from  carbon  atoms  having  to  pucker  out  of  the 
graphite sheet to bond with incident hydrogen atoms. Hence for the Cosmic Dust 
Experiment,  where  the  incident  H-  and  D-atoms  are  at  ~300  K,  chemisorption  is 
improbable  unless  the  formation  mechanism  is  dominated  by  reactions  at  defects. 
TPD of an etched graphite surface irradiated by H-atoms at 2000 K was conducted by 
Zecho et al. [49]. The high temperature of the H-atoms allowed them to overcome the 
0.2 eV barrier and chemisorb to the surface. The etched surface created terrace edges 
on the graphite surface, namely defects. Zecho et al. found that atoms bond more 
strongly at the defects. However, there was minimal change in the recombination of 
chemisorbed atoms with the density of terrace edges on the graphite surface, implying 
that the formation process was dominated by conventional sites on the planar surface. 
Hydrogen atoms adsorbed at terrace edges were found to desorb primarily in the form 
of hydrocarbons, rather  than molecular hydrogen. However, these results may not 
apply to the Cosmic Dust Experiment due to the much lower energy of the incident H-   128 
and  D-atoms  than  in  the  Zecho  experiments.  Thus  it  is  still  feasible  that  defects 
dominate  the  reaction  of  hydrogen  atoms  at  low  temperatures,  facilitating 
chemisorption and the ER formation mechanism. 
 
Hornekaer  et  al.  [79]  studied  the  formation  of  molecular  hydrogen  on  graphite 
surfaces  using  scanning  tunnelling  microscopy  (STM)  in  conjunction  with  TPD 
studies. Atomic beams at 2200 K were used to chemisorb D-atoms onto the graphite 
surface. The STM images showed that the deuterium on the graphite had two different 
characteristic  structures:  one  with  pairs  of  D-atoms  adjacent  on  the  graphite  ring, 
known as the ortho configuration; and the other with pairs of D-atoms bonded to 
opposite  carbon  atoms  of  the  graphite  ring,  known  as  the  para  configuration. 
Hornekaer et al. [79] showed that the recombination of D-atoms occurs via the para 
structure.    A  subsequent  study  [80]  used  laser  assisted  associative  desorption  in 
tandem with TPD techniques and time-of-flight measurements to identify the velocity 
distributions of chemisorbed H2 and D2 desorbing from graphite at different angles to 
the surface. The average translational energy of H2 and D2 moving normal to the 
surface was found to be 1.3 eV, leaving about 60% of the desorption energy to be 
converted to ro-vibrational excitation of the molecule or flow into the surface. Again 
these results are for chemisorbed hydrogen atoms and are in a different energy regime 
to the H- and D-atoms in the Cosmic Dust Experiment, thus the results may not be 
comparable.  Nevertheless,  in  Section  3.10,  the  translational  energy  of  the  HD 
molecules was found to be less than 1.1 eV. In general, we have observed energy 
transfer to the surface and also significant internal excitation of the nascent molecules, 
in  agreement  with  the  experiments  of  the  Hornekaer  group.  In  another  study, 
Hornekaer  et  al.  [81]  also  investigated  the  formation  of  molecular  hydrogen  on 
amorphous  and  non-porous  water-ice  surfaces  using  TPD.  They  found  that  HD 
formed on porous amorphous solid water (ASW) had totally thermalized with the 
surface before desorption; whereas nascent molecules desorbed promptly from non-
porous surfaces. Internal excitation is expected for those rapidly desorbing molecules, 
as they have not had sufficient time to impart a significant proportion of the binding 
energy  to  the  surface.  Our  observation  of  ro-vibrationally  excited  HD  molecules 
desorbing from non-porous HOPG is in accord with these results, indicating that the 
HD  has  not  fully  thermalized  with  the  surface.  Thus  the  rotational  temperatures   129 
determined in Table 3.10 are significantly higher than 15 K, the temperature of the 
HOPG surface.  
 
Using REMPI spectroscopy, Yabushita et al. [82, 83] detected H2 in ro-vibrational 
states v˝ = 0 – 5, J˝ = 0 – 17 from the 157 nm photodissociation of a porous ASW 
surface  at  100  K.  Two  distinct  formation  mechanisms  were  identified.  Firstly, 
endothermic  abstraction  of  an  H-atom  from  H2O  by  another  H-atom  liberated  by 
photolysis, which produced vibrationally cold nascent H2 mostly in the v˝ = 0 state 
with translational energy Ttrans = 100 K. Secondly, the recombination of two H-atoms, 
which yielded H2 molecules with a highly excited vibrational distribution and non-
Boltzmann  rotational  population  distributions  in  states  v˝  ≥  2.  This  is  in  general 
accord with the results of the Cosmic Dust Experiment, although it must be noted that 
the H-atoms in our experiment are not produced from the pholoysis of water-ice and 
H2 is formed not on ASW, but on a non-porous graphite surface. Yabushita et al. 
found  that  the  H2  formed  from  recombination  of  H-atoms  exhibited  translational 
energy distributions with Ttrans = 1800 K and Ttrans = 110 K, well below the upper 
limit of Ttrans < 12 800 K calculated in Section 3.10. Yabushita et al. attributed the two 
characteristic translational energies to the formation of H2 in different regions of the 
ice. The ER mechanism was found to dominate the recombination reaction near the 
top  of  the  surface,  whereby  a  preadsorbed,  thermalized  H-atom  encounters  a 
phtotoproduced H-atom. A nascent H2 molecule near the surface can easily escape 
without losing its translational energy. The recombination reaction is more likely to 
occur within micropores in the bulk of the ASW, rather than close to the ice surface – 
vacuum interface. H2 molecules will collide many times with the ASW surface walls 
before desorption, hence their translational energies thermalize to that of the bulk. 
Yabushita et al. also expect the H2 formation reaction and subsequent energy release 
to lead to the simultaneous desorption of water molecules. 
 
Gough et al. [84] developed a new technique to study the H
- ion yield produced by the 
reaction  of  H2  in  different  ro-vibrational  states  with  electrons  via  dissociative 
attachment. H2 formation on carbon surfaces at T = 90 – 300 K was investigated. H2 
was  detected  in  vibrational  states  up  to  v  =  7,  in  general  agreement  with  our 
experimental  results,  although  it  must  be  noted  that  the  carbon  surfaces  used  by   130 
Gough et al. were at much higher temperatures than the HOPG at 15 K used by the 
Cosmic Dust Experiment, thus the formation mechanisms may not be comparable. 
 
The ro-vibrational excitation of D2 formed via the recombination of D-atoms on a 
non-porous  amorphous  solid  water  (NP  ASW)  held  at  8  –  30  K  was  studied  by 
Lemaire and co-workers [85] using TPD. The recombination and desorption occurred 
during the irradiation stage of the TPD experiment, hence the prompt reaction occurs 
for NP ASW. This is in accordance with the Cosmic Dust Experiment, where the 
prompt reaction is observed on HOPG. Amiaud et al. [85] detected nascent D2 in 
states v″ = 1 – 7, by scanning the kinetic energy of electrons required to ionize the D2 
desorbing from their surface. In the apparatus used by the Lemaire group, the kinetic 
energy of the electrons that ionize D2 molecules can be tuned in steps of 0.1 eV. The 
D2
- ions are then detected by QMS. Thus it was possible to discriminate between 
ground state D2 molecules with an ionization threshold of 15.46 eV and excited D2 
molecules,  which  have  their  ionization  threshold  lowered  by  internal  excitation. 
However, this does not mean that states v″ > 7 are not populated, as these states are 
more difficult to detect due to the sensitivity of detection decreasing rapidly with the 
energy of the ionizing electron. Most recently, Congiu et al. [86] extended the work 
of Amiaud et al. [85] by showing that D2 is not formed in vibrationally excited states 
with v″ ≥ 2 on porous ice surfaces. They also found that degree of internal excitation 
of D2 to be significantly reduced on both non-porous and on porous water ice in a 
regime of high molecular coverage, as is the case in dark molecular clouds, which will 
be discussed further in Chapter 4. The results of the Lemaire group do not provide a 
quantitative  comparison  of  the  vibrational  distribution  between  v″  =  1  –  7. 
Nevertheless, their work is further confirmation of our results with the Cosmic Dust 
Experiment that molecular hydrogen is formed in vibrationally excited states, at least 
on  non-porous  surfaces  at  low  coverages.  Perhaps  the  similarity  between  the  two 
experiments implies that formation of hydrogen molecules on HOPG and NP ASW 
are  similar,  or  that  internal  excitation  of  nascent  hydrogen  molecules  does  not 
significantly depend on the chemical composition of the surface, given a non-porous 
surface. 
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3.13 Summary 
HD formed on a HOPG surface held at 15 K was detected using REMPI in the v″ = 3 
– 7 vibrational levels, with 4 – 7 rotational states detected within each vibrational 
level, such that a total of 30 ro-vibrational states were detected. The complete ro-
vibrational distribution was estimated by scaling the REMPI signals by the Franck-
Condon factor of the REMPI transition. The most populated vibrational level was 
found to be v″ = 4. The most populated rotational states were found to be J″ = 1 or 2 
depending on the vibrational level. The ro-vibrational distribution peaks at v″ = 4, J″ 
= 1. The rotational temperatures were calculated to be significantly higher than the 
temperature  of  the  HOPG  surface,  implying  that  the  HD  molecules  were  not 
thermalized  with  the  surface.  The  average  internal  energy  of  the  HD  molecules, 
neglecting undetected states, was found to be 1.83 eV. An upper limit of 1.1 eV to the 
translational  energy  was  derived.  This  implies  that  37.1  –  59.1  %  of  the  binding 
energy flows into the HOPG surface.   
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Chapter  Four              
 
Modelling the Formation Pumping of Molecular 
Hydrogen in Interstellar Dark Clouds 
 
4.1  Overview 
There have been numerous studies [1-9] that predict H2 to be formed in highly excited 
ro-vibrational states in the interstellar medium. This excitation of nascent molecules, 
namely formation pumping, may be observable in the IR emission spectra of H2. This 
chapter describes a new formation pumping model derived from the results of the 
UCL  Cosmic  Dust  Experiment.  The  ro-vibrational  distribution  of  nascent  HD  is 
extrapolated to give the new UCL H2 formation pumping model in Section 4.2. 
 
H2 emission spectra from 0.5 – 5  m have been generated incorporating the new UCL 
H2 formation pumping model. A radiative transfer code written by Silvia Casu and 
Cesare Cecchi-Pestellini of Cagliari Observatory was used to calculate the H2 level 
populations and subsequent emission spectra  and is described in Section 4.3. The 
internal  energy  of  H2  is  redistributed  if  the  molecule  undergoes  collisions  and 
excitations in the interstellar gas. In other words, formation pumping competes with 
other  pumping  mechanisms  to  ro-vibrationally  excite  H2  molecules.  Pumping 
mechanisms taken into account by the radiative transfer code to calculate the H2 level 
distribution include ultraviolet (UV) absorption, radiative decay, collisional excitation 
and de-excitation as well as formation pumping.  
   140 
To  avoid  excitation  by  UV  radiation  from  starlight,  we  have  studied  H2  in  dark 
interstellar clouds. As explained in Chapter 1, Duley and Williams [10] assert that the 
most favourable location to detect formation pumping would be from dense, dark, 
quiescent, star-less cores, where UV pumping is minimized. This is supported by Tine 
et al. [9] who state that the relative emissivities of lines due to formation pumping in 
dense clouds can be a factor of 500 greater than in diffuse clouds. The purpose of this 
chapter is to discuss the characteristics of a formation pumping signature in the IR 
emission of H2 in dark clouds. Thus in Section 4.4, we present H2 emission spectra for 
dark  clouds  at  a  variety  of  different  densities,  temperatures,  electron  and  proton 
fractions generated using the new UCL formation pumping model.  
 
The  radiative  transfer  code  also  has  the  capability  to  incorporate  other  formation 
pumping models [11-13] to calculate the H2 level distribution. Section 4.5 compares 
H2 spectra generated using the new UCL formation pumping model with H2 spectra 
generated using the previously postulated formation pumping models. All previous 
models have been based purely on theoretical calculations and are described in more 
detail in Chapter 1. This is the first investigation to generate H2 emission spectra 
using an experimentally-derived formation pumping model. 
 
Section  4.6  explains  the  use  of  a  chemical  model  to  corroborate  and  explain  the 
results of the radiative transfer code. In Section 4.7, the validity of the UCL formation 
pumping model is examined and put in the context of other studies. Astrophysical 
implications and observational evidence of formation pumping are discussed. 
 
4.2  Extrapolation of HD Experimental Data to H2  
Previous  studies  carried  out  by  the  UCL  Cosmic  Dust  Experiment  [14,  15] 
investigated both H2 and HD formation. However, currently the experiment probes 
HD preferentially to H2 because it is easier to determine that the nascent molecules 
have come directly from the surface with HD detection. There is a significant amount 
of undissociated H2 originating from the H-atom source, thus H2 signals have to be 
carefully monitored for contributions from thermally excited H2. Likewise, we do not 
investigate D2 because there is a significant amount of D2 in the D-atom beam. Perry   141 
et al. [16] showed that no ro-vibrationally excited H2 emerged from the ends of the 
PTFE transport tubing, once the beam was cooled by use of an aluminium channel. 
Thus,  accurate  H2  data  could  be  obtained,  albeit  with  difficulty  and  painstaking 
rigour.  Studies  of  v  =  1  and  2  for  the  isotopic species  revealed  very  similar  flux 
densities and rotational distributions for both HD and H2 molecules [14] . Therefore 
we feel it is fair to extrapolate the HD v = 3 – 7 data to obtain an approximate ro-
vibrational distribution of nascent H2. 
 
There are a number of considerations to take into account when adapting the HD data 
to H2. The HD rotational populations deviate from the Boltzmann distribution in the 
vibrational  states  v  =  3  –  7  detected  in  this  work,  as  shown  in  Chapter  3.  This 
deviation would not be reflected by merely assuming that HD and H2 were formed at 
similar  rotational  temperatures,  as  was  found  by  Creighan  et  al.  [14].  In  fact,  all 
deviation  from  the  Boltzmann  distribution  would  be  lost  in  assuming  a  definitive 
rotational temperature. Therefore the relative populations for HD must be scaled by 
the  appropriate  nuclear  spin  statistical  weight  gN  to  convert  them  to  relative 
populations of H2. Most studies find the ortho-to-para ratio of H2 formation in space 
to be ~3 [12, 17]. Thus we have taken gN = 1 or 3 for even-J and odd-J respectively to 
retain any deviation from the Boltzmann distribution in our data.  
 
Nascent HD in the v = 0 state could not be detected by REMPI. The signal from 
surface formation is swamped by background counts of ro-vibrationally relaxed HD 
already in the chamber. However, H2 emission spectra cannot be produced without the 
inclusion of the v = 0 states. As a modest estimate of the internal excitation of H2, we 
have taken a rough upper limit of the v = 0 states: We set the v = 0 populations to be 
equal to the populations of the v = 1 states (see Figure 4.1) such that Pv,J = P0,J = P1,J 
for  all  J  states.  Since  this  is  an  arbitrary  choice,  H2  emission  spectra  have  been 
generated  with  the  v  =  0  states  both  significantly  more  and  less  populated  than 
expected  by  a  factor  of  2.  The  sensitivity  of  the  H2  spectra  to  the  error  in  the 
population  of  the  v  =  0  states  is  discussed  further  in  Section  4.4.7.  The  relative 
populations Pv,J of all the states are then normalized to obtain δv,J  the fraction of H2 
formed on grain surfaces that leaves the grain in level v, J,  such that ∑ =
J v J v , , 1 d . 
The standard population distribution of H2 we have used throughout this paper is   142 
shown in Figure 4.1. Henceforth, we refer to this ro-vibrational distribution as the 
UCL formation pumping model (model u).  
 
By  scaling  the  ro-vibrational  populations  from  HD  to  H2,  it  must  be  noted  that 
although the ro-vibrational distribution has been preserved, the average energy of the 
molecule has been marginally increased. This change in internal energy is due to the 
energy levels of H2 being more spaced out within the potential well because H2 is 
lighter than HD. In Chapter 3, the average ro-vibrational energy was found to be 1.75 
eV. In this calculation, all non-detected states with v > 7 were neglected and the v = 0 
state  ro-vibrational  populations  were  taken  to  equal  the  v  =  1  state  ro-vibrational 
populations.  However,  an  H2  molecule  with  a  ‘corresponding’  ro-vibrational 
distribution has <E> = 1.95 eV. 
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Figure 4.1  The standard UCL formation pumping model. These relative ro-vibrational 
populations  for  H2  are  extrapolated  from  the  distribution  determined  in 
Chapter 2 by assuming an ortho-to-para ratio of 3 and choosing Pv,J = P0,J = 
P1,J.  The  relative  populations  have  been  normalized  to  obtain  δv,J    the 
fraction of H2 formed on grain surfaces that leaves the grain in level v, J. 
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4.3  The Radiative Transfer Code 
The  radiative  transfer  code  was  written  by  Casu  and  Cecchi-Pestellini of  Cagliari 
Observatory and has been previously used to study H2 formation pumping [18, 19] 
and H2 excitation in turbulent molecular clouds [20]. Interstellar cloud parameters and 
formation pumping models can be specified by changing input files to calculate the 
ro-vibrational level populations of H2. The H2 emission spectrum is then calculated 
for wavelengths between 0.5 – 5  m for a specified telescope instrument resolution. 
 
4.3.1  H2 Ro-Vibrational Level Populations 
Casu  and  Cecchi-Pestellini  have  constructed  models  to  calculate  the  H2  level  dis-
tribution expected in a thermally and radiatively excited gas. The approach is similar 
to those developed by Sternberg and Dalgarno [21] and Draine and Bertoldi [12]. The 
code computes the N populations ni for each ro-vibrational level i = v, J at statistical 
equilibrium. The populations of the ro-vibrational levels, ni, are solutions to the set of 
algebraic equations 
 
} ) ( ) ( { i i ij
i j
ij ij
i j
ij ij i D W C W C A n + + + + + + + ∑ ∑
> <
z b
1 1 ) ( n n n Rn W C A n i i H ji ji
i j
ji j -
>
+ + + + =∑ k d  
4.1 
In equation 4.1, Wij are the excitation rates from the level i to level j via UV pumping 
to  electronically  excited  states,  Aij  are  the  Einstein  coefficients  for  spontaneous 
radiative decay, Cij are the temperature dependent collisional rates, βi is the rate of 
photodissociation  out  of  the  level  i,  and  Di  is  the  rate  of  additional  destruction 
processes, such as collisional dissociation and ionization. The cosmic ray destruction 
rate is denoted by ζ. The last two terms in the r.h.s. of equation 4.1 describe the 
formation of H2 via grain catalysis and gas phase associative detachment respectively 
and are described in more detail below. The number density of hydrogen nuclei, the 
number density of neutral atomic hydrogen, H, and the number density of hydrogen 
anions, H
−, are nH, n1 and n− respectively. A standard formation rate, R = 3 × 10
−17 
cm
3 s
−1 [22] has been used. In equation 4.1, δi is the fraction of H2 formed on grain 
surfaces  that  leaves  the  grain  in  level  i,  while  n-  is  the  abundance  of  negative   144 
hydrogen ions. The final term on the RHS of equation 4.1, where κi is the formation 
rate of H2 via associative detachment, concerns gas phase formation of H2 through 
H
−and is discussed later. The radiative transfer code solves equation 4.1 for N = 300 
bound states of H2, with J ≤ 30. The highest lying state is v, J = (3, 27) at about 
52,000  K  above  the  ground  state.  The  level  populations  are  subject  to  the 
normalization conditions ∑ =
J v J v n n
, 2 ,  and nH = n1 + 2n2 where n2 is the number 
density of molecular hydrogen, H2.  
 
The radiative transfer code includes inelastic collisions with H, He, and ortho and 
para-H2,  with  fully  quantum  mechanical  calculations  of  collisional  rates  given  in 
studies  by  Flower  et  al.  [23-27].  For  levels  where  quantum  calculations  are  not 
available,  the  extrapolation  scheme  for  the  H-H2  rate  collisions  provided  by  Le 
Bourlot and co-workers in their code for photon-dominated regions (PDRs) has been 
adopted [28]. For all other collisional partners when quantum calculations are lacking, 
the  collision  scheme  put  forward  by  Tine  et  al.  [29]  has  been  employed.  Energy 
levels, transition and dissociation probabilities for electronic transitions have been 
published by Abgrall et al. [30-33]. Extra data, covering levels up to J = 25, was 
provided by Abgrall [34]. Quadrupole radiative decays and energies of ro-vibrational 
levels  of  the  ground  electronic  state  were  taken  from  Wolniewicz  et  al.  [35].  All 
radiation induced processes have been computed taking into account dust extinction, 
which has been assumed to follow the mean galactic interstellar extinction curve.  
 
In the present study, for all formation pumping models except the UCL formation 
pumping models (u) the assumed molecular hydrogen formation model is given by  
 
)] , ( exp[ ) , ( , 2 1
1
, f J v N J v T E f J v f g C D - =
- d  
4.2 
where  ∑ =
J v J v C
, , d  is a normalization constant, and  Ev,J is the energy in K of level 
v, J referred to the ground state. The nuclear spin statistic weight has value gN = 1 for 
even-J and gN = 3 for odd-J. The shape functions f1 and f2 depend on the specified 
formation model b, d, i, c, s, or m. 
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We consider several surface formation pumping models:  
 
(u)  The  UCL  formation  pumping  model,  where  δv,J  is  taken  directly  from 
extrapolation of HD experiments [14, 36, 37], as shown by Figure 4.1. 
 
(b) The acquired internal energy, Eint, is statistically distributed among the energy 
levels: f1 = 2J + 1 and f2 =  Ev,J /Tf. By setting the formation temperature Tf = 9,000 
K  (Eint  ~  1.5  eV),  the  model  proposed  by  Black  and  Dalgarno  [11]  is  recovered, 
although  any  value  of  formation  temperature  may  be  inputted  into  the  radiative 
transfer code;  
 
(d) To enhance the populations of high v states with respect to high J states, formation 
pumping functions with f1 = v + 1 and f2 =  Ev,J /Tf are also investigated; this class of 
formation models with  Tf = 50,000 K provides the pumping profile suggested by 
Draine and Bertoldi [12]. Again, any value of formation temperature may be inputted 
into the radiative transfer code;  
 
(i, c, s) The three ro-vibrational population distributions for H2 newly formed on icy 
mantles  (i),  carbonaceous  dust  (c),  and  silicate  dust  (s)  given  by  Takahashi  and 
Uehara model A [13]; 
 
(m)  A  minimal  H2  formation  pumping  model  which  limits  the  ro-vibrational 
distribution to the lowest possible levels v, J = (0, 0) and (0, 1) in the ratio 1:3. This 
represents the ‘no formation pumping’ case. 
 
The radiative transfer code also includes gas phase H2 formation via the associative 
detachment mechanism involving atomic hydrogen and the negative ion H
−. This gas 
phase formation channel can be switched on or off as  required in addition to the 
formation pumping models u, b, d, i, c, s, m, so that the models can be run in surface 
formation mode only or in both surface and gas phase formation mode. The gas phase 
formation channel was added to the code to study the presence of H2 in very high 
rotational states which were observed by Rosenthal et al. [38].  
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H
− is formed principally by radiative association  
H + e → H
− + hn 
4.3 
and is destroyed by the associative detachment channel 
H
− + H → H2 + e 
4.4 
The abundance of the H
− ion is limited by the electron fraction xe in the cloud. At 
equilibrium, where  ∑ =
i i AD k k is the total rate of associative detachment: 
H e i i AD n x k n = k  
4.5 
The surface-to-gas formation ratio is thus given by 
1 2 / 1 ) 300 / ( /
-
- » e e x T x k R , where 
k− = 5.57 × 10
-17 (300/T)
1/2 cm
3 s
-1 is the reaction velocity of the radiative association 
to produce H
− [39]. 
 
Since xe < 10
-3 for interstellar clouds [40], the recombination of H-atoms adsorbed 
onto  grains  produces  much  more  H2  than  any  gas  phase  process.  The  associative 
detachment channel can be important under particular conditions, such as during the 
recombination epoch in the early universe [41], or in the transition zone of gaseous 
nebulae [42]. Associative detachment might be much more efficient if the formation 
of  H2  in  space  proceeds  according  to  the  model  proposed  by  Field  [43],  who 
conjectures that efficient production of H
− may take place on dust surfaces via attach-
ment of weakly bound electrons to adsorbed H-atoms. The radiative transfer code 
scales the associative detachment reaction to the dust surface production rate, which 
in turn artificially increases the H
− abundance, n−, such that  AD H Rn n k / = - . The as-
sociative detachment reaction produces H2 molecules preferentially in highly excited 
ro-vibrational  levels,  which  then  cascade  towards  the  ground  vibrational  state  by 
quadrupole  radiative  transitions.  Rate  coefficients  are  used  to  calculate  the 
populations of the ro-vibrational levels v, J by associative detachment of H and H
−, 
which  were  computed  by  Launay,  Le  Dourneuf  and  Zeippen  [44]  by  means  of 
resonant scattering theory.    147 
4.3.2  Generating H2 Emission Spectra 
Once the level populations are calculated, H2 emission spectra can be generated. The 
cloud  is  assumed  to  be  a  plane-parallel  slab  of  constant  density,  nH,  and  kinetic 
temperature  T.  The  cloud  is  single-sided,  illuminated  by  a  normally  incident  UV 
radiation field. The incident UV field intensity is assumed to be the UV field scaling 
parameter, χ, times the Draine estimate [45] of the mean interstellar radiation field in 
the same manner as Sternberg and Dalgarno [21]. The attenuation of the field due to 
dust extinction is computed using the analytical solution to the transport equation in 
plane-parallel  geometry  given  in  Flannery  et  al.  [46].  The  predicted  IR  emission 
spectra  are  obtained  by  integrating  the  emissivities  along  the  line  of  sight,  and 
convolving  with  a  Gaussian  profile  with  line  width  of  5  ×  10
-5   m,  as  this 
approximately  corresponds  to  the  instrument  resolution  of  state-of-the-art  echelle 
spectrometers  used  by  current  ground  based  telescopes  such  as  the  Phoenix 
instrument on the Gemini telescope, which has a resolution of 50 000 – 80 000 for 
near-IR wavelengths 1 – 5  m [47]. H2 emission spectra have been produced using 
Gaussian profile line widths of 1 × 10
-2  m, 5 × 10
-3  m, 9 × 10
-4  m,  8 × 10
-5  m as 
well as for 5 × 10
-5  m which roughly correspond to resolutions of 250, 500, 2 800, 
32 000 and 50 000 respectively. 
 
To minimize the effect of the UV field, simulations of dark clouds have been run. 
Dark clouds were chosen as a consequence of the suggestion by Duley and Williams 
[10] and Tine et al. [9] that quiescent, dense clouds with no UV pumping are the 
regions of the ISM best suited to detect formation pumping. Dark clouds of density nH 
= 10
3 – 10
6 cm
-3 with column density N(H2) = 4.8 × 10
21 – 1.6 × 10
23 cm
-2, and 
temperatures ranging from T = 10 – 500 K have been investigated. The results are 
summarized in Section 4.4 and 4.5. A table of the main parameters varied in the 
radiative transfer code is shown in Table 4.1. 
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Table 4.1   The  main  parameters  changed  in  the  radiative  transfer  code  to  generate  H2 
emission spectra. Dark clouds of density types A, B, C and D have AV ~ 3, 10, 50 
and 100 mag respectively using NH ~ 1.6 × 10
21 cm
-2 mag
-1 × AV [48]. 
 
The complete grid of spectra exploring the entire parameter space would consist of 
40320 models. Therefore, we have only run a selection of models, which includes all 
the  formation  pumping  models,  u,  b,  d,  i,  c,  s,  and  m,  in  surface  and  gas  phase 
formation mode at density nH = 1 × 10
6 cm
-3 (cloud type D) and temperature 10 K, 
with proton fraction and electron fraction both equal to 1 × 10
-4. A number of other 
combinations of parameters have been run to check the results are consistent. The 
total number of spectra which have been generated to date is over 200. For clouds 
with temperature T ≥ 30 K, we have incorporated three rate coefficients for ortho-para 
conversions provided by Sun and Dalgarno [49] for gas at temperatures T = 30 K – 
1000 K. These conversions are the excitation of the J = 0 level to the J = 1, 3 levels 
and the excitation of the J = 1 level to the J = 2 level, in the v = 0 state, by impacts 
Formation 
Pumping Model  u  b  d  i  c  s  m 
Formation 
mode  Surface only  Surface and gas phase 
Density 
A 
N(H2) = 4.8 × 
10
21 cm
-2, 
 
nH = 1 × 10
3 
cm
-3 
B 
N(H2) = 1.6 × 
10
22 cm
-2, 
 
nH = 1 × 10
4 
cm
-3 
C 
N(H2) = 8.0 × 
10
22 cm
-2, 
 
nH = 1 × 10
5 
cm
-3 
D 
N(H2) = 1.6 × 
10
23 cm
-2, 
 
nH = 1 × 10
6 cm
-
3 
Temperature,  
T  10 K  50 K  100 K  500 K 
Resolution,  
 λ  5 × 10
-5  m  8 × 10
-5  m  9 × 10
-4  m  5 × 10
-3  m  1 × 10
-2  m 
Electron 
fraction, xe  1 × 10
-8  1 × 10
-6  1 × 10
-4 
Proton fraction, 
xH+  1 × 10
-8  1 × 10
-6  1 × 10
-4 
UV field 
scaling, χ  0.5  1  2  4   149 
with atomic hydrogen. For T < 30 K, the rate coefficients for ortho-para conversions 
are taken from Flower et al. [26].  
 
4.4  H2 Spectra for the UCL Formation Pumping Model 
In this section we will consider the H2 spectra generated using UCL experimental 
data, namely those using formation pumping model u only. An intercomparison of all 
the models follows in Section 4.5. 
 
The spectrum with all the ‘default’ parameters is shown below in Figure 4.2. This 
spectrum  is  for  the  UCL  formation  pumping  model  (u),  where  only  the  surface 
formation mode is permitted, for a dark cloud with density nH = 1 × 10
6 cm
-3 and 
column density N(H2) = 1.6 × 10
22 cm
-2, temperature T = 10 K, electron fraction xe = 
1 × 10
-4, proton fraction xH+ = 1 × 10
-4, with the standard UV field  (χ = 1). The 
spectrum has been convolved with a Gaussian profile with line width of  λ  = 5 × 10
-5 
 m. Most of the strong emission lines are in the wavelength range 1 – 3  m. Strong 
lines include 4 – 2 O(3) at 1.51  m, 2 – 1 O(3) at 2.97  m, 2 – 1 O(2) at 2.79  m and 
1 – 0 Q(1) at 2.41  m, in order of line strength. 
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Figure 4.2   H2 spectrum generated using the UCL formation pumping model (u) at resolution 
 λ  = 5 × 10
-5  m, for dark clouds with parameters density nH = 1 × 10
6 cm
-3 and 
column density N(H2) = 1.6 × 10
23 cm
-2, temperature T = 10 K, electron fraction 
xe = 1 × 10
-4, proton fraction xH+ = 1 × 10
-4, with the standard UV field  (χ = 1). 
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4.4.1  Effects of Cloud Density 
Figure  4.3  shows  spectra  generated  for  dark  clouds  of  increasing  density  of 
temperature 10 K, using the UCL formation pumping model and keeping all other 
parameters at the default values used in Figure 4.2. Cloud A, with density nH = 1 × 
10
3 cm
-3 has column density N(H2) = 4.8 × 10
21  cm
-2
, chosen so that AV ~ 3 mag, 
assuming that in dark clouds most of the hydrogen nuclei are in the form of molecules 
and that 1 mag corresponds to ~1.6 × 10
21 cm
-1 [48]; cloud B with density nH = 1 × 
10
4 cm
-3 has column density N(H2) = 1.6 × 10
22 cm
-2, chosen so that AV ~ 10 mag; 
cloud C with density nH = 1 × 10
5 cm
-3 has column density N(H2) = 8.0 × 10
22 cm
-2 
chosen so that AV ~ 50 mag; and cloud D with density nH = 1 × 10
6 cm
-3 has column 
density  N(H2)  =  1.6  ×  10
23  cm
-2  chosen  so  that  AV  ~  100  mag.  To  more  easily 
compare the spectra, the plots are superimposed in Figure 4.4. 
 
From Figure 4.3 and Figure 4.4, it is apparent that the line flux increases with cloud 
density and the shapes of the spectra do not change dramatically with cloud density. 
Nevertheless,  there  are  some  changes  in  the  shape  of  the  spectra  which  may  be 
analysed by considering the ratios of particular lines within a spectrum, in particular 
the line flux ratio between the 2 – 1 O(3) line at 2.97  m and the 2 – 1 O(2) line at 
2.79   m.  This  ratio  is  0.984,  0.827,  0.911  and  1.09  for  clouds  A,  B,  C  and  D 
respectively  and  does  not  change  consistently  with  increasing  cloud  density  or 
increasing  column  density,  as  can  be  seen  in  Figure  4.5.  The  formation  pumping 
component to the lines should increase with cloud density, as more atomic hydrogen 
is available for the formation reaction. The fact that the 2 – 1 O(3) line ‘wins out’ over 
the  2  –  1  O(2)  line  at  the  highest  densities  is  in  accordance  with  the  formation 
pumping distribution shown in Figure 4.1: the 2 – 1 O(3) line has a greater flux at 
high densities than the 2 – 1 O(2) line because there is more excitation into the v = 2, 
J = 1 state than into the v = 2, J = 0 state during formation, specifically, δ2,1 > δ2,0. 
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Figure 4.3   H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of increasing density and column density at T = 10 K. 
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Figure 4.4   Superimposed plots of H2 spectra generated using the UCL formation pumping 
model (u) for dark clouds of increasing density and column density.  
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Figure 4.5   Line flux ratio of the 2 – 1 O(3) line at 2.97  m and the 2 – 1 O(2) line 
at 2.79  m against cloud density nH plotted on a logarithmic scale. 
 
In general, the line fluxes do not scale linearly with cloud density or column density, 
as can be seen in Figure 4.4. Although cloud D is a factor of 100 more dense than 
cloud B and has 10 times the column density, the flux magnitudes of lines from cloud 
D are not even twice as large as those from cloud B. A possible explanation for this 
phenomenon is that in dark clouds, there is not sufficient atomic hydrogen available to 
take part in H2 formation, such that n1 does not scale with nH. Due to shielding by 
dust, UV photons do not penetrate the bulk of dark clouds, hence H2 destruction is 
minimized and can only occur through processes such as cosmic ray ionization and 
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chemical destruction mechanisms. The radiative transfer code does not take chemical 
destruction of H2 molecules, by reaction with other species, into account. Therefore, 
although the density of hydrogen nuclei and column density of H2 are significantly 
increasing  from  cloud  B  to  cloud  D,  the  increase  in  atomic  hydrogen  abundance 
calculated by the code may be relatively small. The majority of the hydrogen in dark 
clouds  is  in  the  form  of  thermalized  molecules,  which  do  not  produce  significant 
emission because they already occupy the lowest ro-vibrational levels. To verify that 
there is only a small increase in atomic hydrogen abundance with nH in dark clouds, in 
accordance  with  Figure  4.4,  a  chemical  model  has  been  used  to  calculate  the 
fractional  abundance  of  H-atoms  in  clouds  of  density  types  A,  B,  C  and  D.  A 
chemical model was used to confirm that there is no significant production of H-
atoms through chemical channels, which are neglected by the radiative transfer code. 
This is explained further in Section 4.6.  
 
H2 emission spectra increase in line strength, but again do not scale linearly with 
cloud density for clouds at higher temperatures, as shown in Figure 4.6, Figure 4.7, 
and Figure 4.8 below. Again this is thought to be due to the H-atom abundance not 
scaling with the cloud density and the thermalization of most of the H2 molecules. In 
Figure 4.8, a strong line at 2.41  m appears for nH = 1 × 10
6 cm
-3. This is the 1 – 0 
Q(1) line and is ascribed to collisional pumping. 
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Figure 4.6   H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of increasing density and column density at T = 50 K.  
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Figure 4.7   H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of increasing density and column density at T = 100 K.  
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Figure 4.8   H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of increasing density and column density at T = 500 K. 
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4.4.2  Effects of Cloud Temperature 
The same spectra in Section 4.4.1 can be re-plotted to show the effect of increasing 
the temperature of a dark cloud at a specific density. For spectra with T ≥ 50 K, the 
radiative transfer code includes ortho-para conversions studied by Sun and Dalgarno 
[49] rather than by Flower et al. [26]. However, when the Flower et al. values are 
used for clouds with T ≥ 50 K, there is no significant change to the H2 emission 
spectra. 
 
For  interstellar  dark  clouds,  the  line  flux  strength  increases  steadily,  although  not 
linearly, with temperature. As the temperature rises, more collisional pumping occurs. 
As before, the shape of the H2 spectrum does not greatly alter as the temperature of a 
cloud is increased, but there are small changes in line ratio, which can be seen in 
Figure 4.9. For the most dense clouds, with nH = 1 × 10
6 cm
-3, there is a sharp increase 
in strength for the 1 – 0 Q(1) line between 100 – 500 K. This sharp rise in line 
strength is due to thermal excitation of H2 to the v = 1, J = 1 level. 
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Figure 4.9   H2 spectra generated for dark cloud A, with nH = 1 × 10
3 cm
-3 and N(H2) = 4.8 
×  10
21  cm
-2,  using  the  UCL  formation  pumping  model  (u)  at  increasing 
temperatures. 
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Figure 4.10   H2 spectra generated for dark cloud D, with nH = 1 × 10
6 cm
-3 and N(H2) = 
1.6 × 10
23 cm
-2, using the UCL formation pumping model (u) at increasing 
temperatures. 
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4.4.3  Effects of UV Field 
The UV radiation permeating the dark cloud can be increased in strength by use of the 
UV field scaling parameter in the radiative transfer code. Figure 4.11 shows that the 
line strengths of H2 emission spectra are linearly dependent on the UV field, due to 
ro-vibrational excitation of H2 by UV photons. Quite simply, Figure 4.11 illustrates 
the effect of UV pumping in the dark clouds investigated. However, it should be noted 
that the increase in UV field scaling factor from χ = 0.5 to χ = 4 is insufficient to 
liberate a significant number of H-atoms via photodissociation of H2 molecules in 
such dense cloud; the UV field is weak such that the clouds remain ‘dark’. Therefore 
it is unlikely that UV excitation plays an important role in formation pumping in dark 
clouds. 
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4.4.4  Effects of Gas Phase Formation 
The  gas  phase  H2  formation  channel  via  the  associative  detachment  mechanism 
involving atomic hydrogen and the negative ion H
− has also been studied. There is 
negligible  difference  between  spectra  when  the  gas  phase  formation  channels  are 
turned on, as is shown by Figure 4.12. The spectral line strengths are identical to 
within 0.25%. This is because the overwhelming majority of H2 formation in dark 
clouds proceeds via surface reactions, thus the gas phase channel is unimportant. As 
 
Figure 4.11  H2  spectra  generated  using  the  UCL formation  pumping  model  (u)  for  dark 
clouds of density nH = 1 × 10
6 cm
-3 and temperature T = 10 K, with different UV 
field scaling parameter, χ = 0.5, 1, 2 and 4. 
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described  in  Chapter  1,  this  gas  phase  formation  pumping  route  may  be  more 
important for shocked regions rather than for quiescent dark clouds, as was found by 
observations of OMC-1 Peak 1 by Rosenthal et al. [38].  
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4.4.5  Effects of Electron Fraction 
The electron fraction parameter has negligible effect on the H2 emission spectra as 
shown in Figure 4.13. Spectra generated using xe = 1 × 10
-8, 1 × 10
-6 and 1 × 10
-4 for 
dark clouds at temperature T = 10 K and density nH = 1 × 10
6 cm
-3 are similar to 
within 0.01%. 
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Figure 4.12  H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of density nH = 1 × 10
5 cm
-3 and temperature T = 10 K, in surface 
formation only mode and in surface and gas phase formation mode. 
Figure 4.13  H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of density nH = 1 × 10
6 cm
-3 and temperature T = 10 K, changing the 
electron fraction xe = 1 × 10
-4, 1 × 10
-6 and 1 × 10
-8.  
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4.4.6  Effects of Proton Fraction 
There is a noticeable difference in H2 spectra for interstellar dark clouds with varying 
proton  fractions,  which  have  been  varied  independently  of  the  electron  fraction. 
Clouds with relatively higher proton fractions have marginally lower line fluxes. This 
is because protons collide with H2 molecules and provide a de-excitation mechanism, 
so that the gas is more thermalized. In Figure 4.14, the spectral line strengths for a 
dark cloud with density nH = 1 × 10
6 cm
-3 and temperature T = 10 K but with different 
values of xH+ are similar to within 10%. 
 
0.00E+00
5.00E-04
1.00E-03
1.50E-03
2.00E-03
2.50E-03
1 1.5 2 2.5 3
wavelength / um
x(H+) = 1e-4 x(H+) = 1e-6 x(H+) = 1e-8
 
 
 
4.4.7  Effects of Changing the v = 0 Populations 
The experimental results obtained for the formation of HD on graphite described the 
ro-vibrational  level  populations  for  vibrational  states  v  =  1  –  7  [14,  36,  37].  As 
described in Section 4.2, the distribution for HD was extrapolated to create the ro-
vibrational level distribution of nascent H2. The HD level populations were scaled by 
the  appropriate  nuclear  spin  statistical  weight  gN  to  convert  them  to  relative 
populations of H2. Data for the v = 0 state could not be obtained due to the presence of 
background HD in the ground state, thus the v = 0 level populations were estimated. 
The v = 0 level populations were taken to be equal to the v = 1 level populations, such 
Figure 4.14   H2 spectra generated using the UCL formation pumping model (u) for dark 
clouds of density nH = 1 × 10
6 cm
-3 and temperature T = 10 K, changing the 
electron fraction xH+ = 1 × 10
-4, 1 × 10
-6 and 1 × 10
-8. 
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that Pv,J = P0,J = P1,J for all J states detected. This is slightly over-estimating the v = 0 
populations, as Figure 4.1 shows that lower vibrational states are less populated than 
higher vibrational levels, for 1 < v < 4. This vibrational scheme was adopted as a 
‘lower limit’ to the total excitation, in order to take a modest estimate of the amount 
of formation pumping. As there is more uncertainty in the population of the v = 0 
levels  than  for  the  other  vibrational  states,  H2  spectra  has  been  generated  for  a 
distribution where the v = 0 levels are twice as populated as the v = 1 levels (model 
u2) and for a distribution where the v = 0 levels are half as populated as the v = 1 
levels (model u0.5). Figure 4.15 shows that changing the population of the v = 0 levels 
in  the  UCL  formation  pumping  models  makes  only  a  marginal  difference  to  line 
strengths. For a dark cloud at density nH = 1 × 10
6 cm
-3 and temperature T = 10 K, the 
spectra generated using models u0.5, u and u2 are similar to within 4%. 
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Figure 4.15   H2  spectra  generated  for  dark  clouds  of  density  nH  =  1  ×  10
6  cm
-3  and 
temperature T = 10 K, changing the population of the v = 0 levels in the UCL 
formation pumping model. 
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4.4.8  Effects of Telescope Resolution 
H2 spectra can be generated for any instrument resolution required. IR spectra are 
presented below for a dark cloud of density nH = 1 × 10
6 cm
-3 and temperature T = 10 
K generated by convolving with different Gaussian line widths,  λ. Corresponding 
instrument resolutions for spectra at ~ 2.5  m are 250, 2800 and 50 000 for  λ = 0.01 
 m, 9 × 10
-4  m and 5 × 10
-5  m respectively. 
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Figure 4.16  H2 spectra for a dark cloud of density nH = 1 × 10
6 cm
-3 and temperature T = 
10 K, using the UCL formation pumping model (u). The spectra has been 
generated by convolving with Gaussian line widths of  λ = 0.01  m, 9 × 10
-4 
 m and 5 × 10
-5   m. 
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4.5  Comparison of Formation Pumping Models 
The aim of this study is to find a signature for formation pumping. This signature 
would  be  some  feature  in  the  H2  emission  spectra  due  to  the  formation  pumping 
mechanism only, rather than UV or collisional pumping. We also seek to identify the 
optimum conditions to distinguish between formation pumping models.  
 
H2 spectra for the 7 different formation pumping models are presented in Figure 4.17 
below: 
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Figure 4.17   H2 spectra for a dark cloud of density nH = 1 × 10
6 cm
-3 and temperature T = 
10 K, using the 7 formation pumping models. 
wavelength / µm 
f
l
u
x
 
/
 
e
r
g
 
s
-
1
 
c
m
-
2
 
s
r
-
1
 
µ
m
-
1
 
   167 
Most of the models produce emission spectra where the majority of strong lines fall in 
the wavelength region λ = 1 – 3  m, therefore this would be the best wavelength 
region  in  which  to  search  for  evidence  of  formation  pumping.  To  obtain  an 
observational  signature  of  a  formation  pumping  model,  one  must  compare  the  H2 
spectra generated using the model to the H2 spectra generated using model m, the 
minimum pumping model, as shown in Figure 4.18 below: 
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Figure 4.18   Superimposed H2 spectra for model u and model m for cloud A and D at 
densities nH = 1 × 10
3 and 1 × 10
6 cm
-3 respectively, at temperature T = 10 K. 
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In Figure 4.18, the UCL formation pumping model (u) is compared to the minimum 
formation pumping case (m) for clouds of density 1 × 10
3 cm
-3 and 1 × 10
6 cm
-3. 
Formation pumping could be identified by comparing adjacent line strengths of the 
spectra for model u and model m. For example, if both the 4 – 2 O(3) line at 1.509 
 m and the 6 – 4 O(2) line at 1.6745  m were observed, and their flux ratio was found 
to be ~ 2 for dark clouds with density nH = 1 × 10
6 cm
-3, this would be a positive 
detection of the UCL formation pumping model. However, if the line strengths are 
approximately equal at such a high density, then it would suggest that model u is 
incorrect and there is no formation pumping into the v = 4, J = 1 level. 
 
The UCL formation pumping model has characteristic spectra because, unlike most 
formation pumping models, it does not predict the population of high rotational states. 
As shown in Figure 4.19 and Figure 4.20, the UCL formation pumping model does 
not predict a strong line at 1.747  m, whereas most formation pumping models do 
predict  a  significant  flux  at  this  wavelength.  This  is  the  1  –  0  S(7)  line,  which 
originates in the v = 1, J = 9 level. The UCL formation pumping model does not 
predict rotational states with J > 4 in the v = 1 state to be significantly populated. In 
Figure 4.19 for clouds with nH = 1 × 10
6 cm
-3, models d, b, i, c and s all predict line 
fluxes > 5 × 10
-4 erg cm
-2 sr
-1 s
-1  m
-1 at 1.747  m, whereas models u and m predict 
line fluxes of 3.7 × 10
-6 and 2.5 × 10
-6 erg cm
-2 sr
-1 s
-1  m
-1 respectively. Note that 
model m is the minimum formation pumping model, where nascent H2 is formed in 
the two lowest ro-vibrational states, so this model cannot populate high rotational 
states. Furthermore, H2 is unlikely to be excited to high rotational levels, such as J = 
9, from collisional pumping only [9], thus the 1 – 0 S(7) line will not have significant 
flux for models m and u. Therefore, observations of the 1 – 0 S(7) line in a quiescent 
dark cloud may be able to constrain the formation pumping mechanism. If the line is 
detected and found to have flux ≥ 5 × 10
-4 erg cm
-2 sr
-1 s
-1  m
-1, then H2 must be 
populated in high rotational levels by formation pumping. If the line is not detected, 
or found to be weak with flux ~ 10
-6 erg cm
-2 sr
-1 s
-1  m
-1, then either there is no 
formation pumping (m) or the UCL formation pumping model (u) may be the correct 
pumping scheme. Astronomical observations of H2 spectra are discussed further in 
Section 4.7. 
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When there is mimimum formation pumping and model m is used in the radiative 
transfer  code, nascent H2 molecules are formed at the lowest ro-vibrational levels 
possible (v, J) = (0, 0) and (0, 1). Therefore, all other levels are populated by other 
pumping  mechanisms,  mainly  by  collisional  excitation.  From  Figure  4.21  it  is 
apparent that the spectra for model m do not scale linearly with N(H2). This indicates 
that the cloud is thermalizing, which means that the impacts between particles are so 
frequent  that  much  of  the  H2  gas  is  collisionally  de-excited  to  the  lowest  ro-
vibrational levels and so cannot contribute to the IR emission. Denser clouds are more 
Figure 4.19  Superimposed H2 spectra for all formation pumping models for a cloud of 
density nH = 1 × 10
6 cm
-3 and temperature T = 10 K.  
Figure 4.20   Superimposed H2 spectra for all formation pumping models for a cloud of 
density nH = 1 × 10
3 cm
-3 and temperature T = 10 K. 
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thermalized, such that above a certain density (nH ≥ 1 × 10
5 cm
-3), there will be no 
significant increase in line strength of the H2 spectra. 
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Changing the parameter space for models d, b, i, c, s and m yields similar results to 
changing the parameter space for the UCL formation pumping model. Increasing the 
cloud temperature increases the line flux, although of course the relationship is not 
linear. Lines such as 1 – 0 Q(1) increase in strength proportionately more than lines 
such as 1 – 0 S(7) with cloud temperature. This is because the 1 – 0 Q(1) line has a 
much  greater  collisional  component  than  the  1 –  0  S(7)  line.  The  proton  fraction 
makes  a  small  but  noticeable  change  to  the  line  strengths,  whereas  the  electron 
fraction has a negligible effect on the H2 emission spectra. The effects of the helium 
fraction, extinction factor RV, gas-to-dust ratio and cosmic ionization rate on the H2 
emission spectra produced by the different formation pumping models have not yet 
been fully investigated.  
 
 
Figure 4.21   Superimposed H2 spectra for minimum formation pumping, model m, for a 
clouds of density A (nH = 1 × 10
3 cm
-3, N(H2) = 4.8 × 10
21 cm
-2), B (nH = 1 
× 10
4 cm
-3, N(H2) = 1.6 × 10
23 cm
-2), C (nH = 1 × 10
5 cm
-3, N(H2) = 8.0 × 
10
22  cm
-2), D (nH = 1 × 10
6 cm
-3, N(H2) = 1.6 × 10
23  cm
-2), at temperature 
T = 10 K. 
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4.6  Chemical Modelling of Hydrogen Abundance 
The radiative transfer code written by Casu and Cecchi-Pestellini [18, 20] described 
in  Section  4.3  includes  H2  destruction  mechanisms  such  as  photodissociation  and 
photoionization, collisional dissociation and ionization and cosmic ray ionization. The 
bulk of a dark cloud is not penetrated by UV photons; hence the H-atom abundance is 
predicted  to  be  low  by  the  radiative  transfer  code,  because  only  collisional 
dissociation and cosmic ray destruction processes are taken into account to liberate H-
atoms. 
 
However, the radiative transfer code neglects the destruction of H2 leading to the 
production of H-atoms via chemical reactions. To investigate chemical destruction of 
H2 independently of the radiative transfer code, some calculations have been carried 
out by use of a chemical model, known as UCL_CHEM 1999, which was developed 
by  Viti  and  Williams  [50].  The  model  uses  a  network  of  gas  phase  and  surface 
reactions taken from the UMIST RATE06 and RATE99 database [51, 52] to calculate 
the abundances of chemical species in interstellar environments. Included in the code 
are  119  gas-phase  species  and  39  surface  species  interacting  in  1728  chemical 
reactions. For this study, time-dependent, single-point calculations were performed 
for clouds of different density and visual magnitude. The cloud starts from a medium 
in atomic form with initial fractional abundances 1.0, 0.075, 4.45 × 10
-4, 1.79 × 10
-4, 
8.52 × 10
-5, 1.43 × 10
-6 and 5.12 × 10
-6 for H, He, O, C, N, S and Mg respectively to 
match the findings of Sofia and Meyer [53]. The chemical model was run for dark 
clouds of constant density and temperature for 1 Myr. During this time, atoms and 
molecules react in the gas phase such that species are formed and destroyed and also 
deplete onto grain surfaces. Surface chemistry included in the model consists of the 
conversion of a fraction of CO to CH3OH (methanol) and hydrogenation of adsorbates 
whenever possible. The advantage of this approach is that the mantle composition is 
derived self-consistently by the chemical model and is not assumed. 
 
The chemical model was used to obtain the fractional abundance of H-atoms, x1 for 
dark clouds at 10 K. Cloud densities used were nH = 1 × 10
3, 1 × 10
4, 1 × 10
5 and 1 × 
10
6 cm
-3 as these are the values for which H2 spectra have been generated. In order to 
study the chemistry as a function of depth along the cloud, the chemical model was   172 
run at AV = 3, 5, 7, 10, 50 and 100 mag. This is because the edges of the cloud are 
translucent and UV radiation photolyzes H2 molecules to increase the abundance of 
hydrogen atoms. Therefore, the atomic abundance may be a function of depth within 
an interstellar cloud, as well as dependent on the density of the cloud.  
 
Species abundances, and hence the network of chemical reactions, are dependent on 
the amount of freeze-out occurring in the dark cloud. Freeze-out is the depletion of 
gaseous molecules such as CO, N2 and O2, which are believed to be formed in the gas 
phase but adsorb onto the grain surface [54, 55]. UCL_CHEM 1999 models freeze-
out using a parameter, fr, that can be varied from 0 – 1. After 1 Myr, any species that 
can freeze-out onto the dust grains will have done so. The freeze-out parameter was 
chosen for each density of dark cloud so that the percentage of CO frozen out onto the 
grains was consistent with observations of dark clouds, as CO is a good tracer of H2 
[56]. The values for the freeze out parameter used for each density, along with the 
resulting percentage of CO frozen out onto grains are shown below in Table 4.2: 
 
nH  1 × 10
3 cm
-3  1 × 10
4 cm
-3  1 × 10
5 cm
-3  1 × 10
6 cm
-3 
fr  0.5  0.5  0.05  0.01 
CO on grains  6.3 %  45 %  62 %  88 % 
 
Table 4.2  The freeze-out parameter used in the chemical model for dark clouds of 
different density. 
 
 
In this study, UCL_CHEM 1999 has been used to provide x1, the fractional abundance 
of  H-atoms  in  dense  clouds.  The  abundance  of  atomic  hydrogen  and  molecular 
hydrogen, n1 and n2 respectively, are then calculated using x1 = n1 / nH and nH = n1 + 
2n2. The results are shown in Table 4.3. 
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nH (cm
-3)  AV (mag)  x1  n2 (cm
-3)  n1 (cm
-3) 
         
1 × 10
3  1  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  3  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  5  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  7  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  10  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  50  6.586 × 10
-2  4.671 × 10
2  65.860 
1 × 10
3  100  6.586 × 10
-2  4.671 × 10
2  65.860 
         
1 × 10
4  1  4.186 × 10
-5  5.000 × 10
3  0.419 
1 × 10
4  3  3.687 × 10
-5  5.000 × 10
3  0.369 
1 × 10
4  5  3.656 × 10
-5  5.000 × 10
3  0.366 
1 × 10
4  7  3.639 × 10
-5  5.000 × 10
3  0.364 
1 × 10
4  10  3.630 × 10
-5  5.000 × 10
3  0.363 
1 × 10
4  50  3.630 × 10
-5  5.000 × 10
3  0.363 
1 × 10
4  100  3.630 × 10
-5  5.000 × 10
3  0.363 
         
1 × 10
5  1  5.518 × 10
-6  5.000 × 10
4  0.552 
1 × 10
5  3  3.562 × 10
-6  5.000 × 10
4  0.356 
1 × 10
5  5  3.534 × 10
-6  5.000 × 10
4  0.353 
1 × 10
5  7  3.476 × 10
-6  5.000 × 10
4  0.348 
1 × 10
5  10  3.439 × 10
-6  5.000 × 10
4  0.344 
1 × 10
5  50  3.436 × 10
-6  5.000 × 10
4  0.344 
1 × 10
5  100  3.436 × 10
-6  5.000 × 10
4  0.344 
         
1 × 10
6  1  4.703 × 10
-7  5.000 × 10
5  0.470 
1 × 10
6  3  3.689 × 10
-7  5.000 × 10
5  0.369 
1 × 10
6  5  3.622 × 10
-7  5.000 × 10
5  0.362 
1 × 10
6  7  3.473 × 10
-7  5.000 × 10
5  0.347 
1 × 10
6  10  3.412 × 10
-7  5.000 × 10
5  0.341 
1 × 10
6  50  3.408 × 10
-7  5.000 × 10
5  0.341 
1 × 10
6  100  3.408 × 10
-7  5.000 × 10
5  0.341 
 
Table 4.3   The  abundances  of  atomic  and  molecular  hydrogen  in  dark  clouds  of 
density nH = 1 × 10
3, 1 × 10
4, 1 × 10
5 and 1 × 10
6 cm
-3 as a function of 
depth within the cloud. 
 
As can be seen from Table 4.3, there is a slight decrease in H-atom density (n1) with 
depth for dark clouds of density nH ≥ 1 × 10
4 cm
-3. The higher atomic abundance is 
due to the outer layers of the cloud being penetrated by UV radiation, leading to 
photolysis of H2 molecules. There is shielding of UV radiation by the dust in the 
denser clouds, hence the atomic abundance decreases with increasing AV. A more   174 
surprising  result  is  that  the  H-atom  abundance  does  not  increase  with  density  for 
clouds with nH ≥ 1 × 10
4 cm
-3. In fact, the least dense dark cloud (nH = 1 × 10
3 cm
-3) is 
found to have the highest H-atom abundance. This confirms that chemical destruction 
routes would not increase the H-atom abundance for dark clouds. Hence the radiative 
transfer code does not underestimate the H-atom abundance. As a continuation of this 
work,  these  H-atom  abundances  determined  by  UCL_CHEM  1999  could  be 
incorporated into the Casu and Cecchi-Pestellini radiative transfer code, which will be 
discussed further in Chapter 5. 
4.7  Discussion 
The radiative transfer code has been used extensively by Casu and Cecchi-Pestellini 
[18-20]. The main uncertainties that arise in the code are from the collisional rate 
coefficients.  In  this  work,  the  radiative  transfer  code  has  been  modified  by 
incorporating the new UCL formation pumping model (u). As this model is derived 
from experiments, there are only 45 ro-vibrational levels included in model u. It is 
possible  that  some  other  ro-vibrational  levels  are  populated,  but  are  below  the 
detection  limit  of  the  Cosmic  Dust  Experiment.  The  advantage  of  the  theoretical 
formation  pumping  models  (d,  b,  i,  c,  s,  m)  is  that  they  provide  a  continuous 
distribution of level populations. The v = 0 level populations, not detectable with the 
Cosmic Dust Experiment, were estimated to be equal to the v = 1 level populations. 
As shown in Section 4.4.7, the H2 spectra are widely unaffected by the error in the v = 
0 level populations. 
 
The  Cosmic  Dust  Experiment  probes  the  ro-vibrational  distribution  of  HD  by 
measuring  the  flux  density  of  HD
+  ions  detected  by  a  time-of-flight  mass 
spectrometer. The flux density of HD
+ ions is related to the flux of the nascent HD 
molecules  by  the  velocity  of  the  ions.  Therefore,  the  ro-vibrational  distribution 
described  by  Figure  4.1  only  holds  if  the  velocities  of  the  HD
+  ions  are  similar. 
Accurate measurements of the translational energy as a function of ro-vibrational state 
are essential in corroborating this formation pumping model. Currently, it is known 
that the translational energy of all HD
+ ions must be below 0.9 eV, for HD formed in 
any detected ro-vibrational state. This value has been calculated from analysis of the 
time-of-flight  mass  spectra,  as  described  in  Chapter  3.  Nevertheless,  a  position   175 
sensitive detector has been installed to further constrain the translational energy of 
molecules in each ro-vibrational state (see Chapter 5). 
 
The  incident  atom  beams  were  at  room  temperature  for  the  HD  experiments. 
Interstellar gas is typically much cooler. However, this discrepancy in temperatures is 
small in comparison to the energies involved in vibrational transitions, so there should 
be minimal effect on the ro-vibrational distribution. Each atomic source provides a 
flux of ~10
12 – 10
13 atoms cm
-2 s
-1 onto the surface [16]. Experimental pressures are 
much higher than in the interstellar medium and it is possible that this affects our 
results.  The  flux  of  HD  molecules  desorbing  from  the  surface  is  also  very  high, 
relative to the interstellar medium. Nevertheless, it is unlikely that the nascent HD 
molecules interact with each other on the surface or on desorption from the surface, 
thereby  causing  a  redistribution  of  the  internal  energy.  Thermalization  is  unlikely 
because the surface coverage is estimated to be only a few percent of a monolayer for 
the Cosmic Dust Experiment [14, 57]. Work by Congiu et al.[58] suggests that at such 
a  low  coverage,  desorbing  hydrogen  molecules  do  not  thermalize  with  other 
molecular species resident on the surface, as discussed later. 
 
The  Cosmic  Dust  Experiment  uses  a  highly-oriented  pyrolytic  graphite  (HOPG) 
surface, whereas interstellar dust grains are likely to be porous. Thus H2 forming on 
interstellar dust grains may be trapped in pores and lose excitation via collisions with 
pore  walls  [59-62].  Therefore,  it  is  possible  that  only  a  small  percentage  of  H2 
molecules may leave an interstellar dust grain retaining their ro-vibrational excitation. 
In this case, the most accurate formation pumping model may be one where there is 
very little ro-vibrational excitation, such as model m rather than model u.  
 
The HOPG surface is made of carbon, but dust grains in a particular dark cloud may 
be  composed  of  silicates.  For  a  dark  cloud  with  silicate  dust,  the  Takahashi  and 
Uehara model (s) could be used to generate H2 spectra, which predicts significant 
formation pumping into the v = 7 level [13]. The Takahashi and Uehara model for 
carbonaceous grains (c) predicts that H2 formed on carbonaceous surfaces has less 
internal energy, with v = 2 to be the most populated state. However, in contrast to the 
Takahashi and Uehara  work, a recent study by Goumans et al. [63] suggests that 
nascent H2 is actually less ro-vibrationally excited if it forms on olivine rather than on   176 
graphite. Furthermore, the results of the Cosmic Dust experiment have shown that v = 
4,  not  v  =  2,  is  the  most  populated  level  for  molecular  hydrogen  formed  on  a 
carbonaceous surface. As discussed in Chapter 1, there are many different theoretical 
formation  pumping  models  with  no  prevailing  consensus,  hence  more  laboratory 
experiments and astronomical observations are needed to constrain the models. 
 
4.7.1  Observations of Formation Pumping 
The  Congiu  et  al.  study  [58]  provides  both  experimental  data  and  dark  cloud 
observations. Congiu et al. confirmed experimentally that D2 formed on non-porous 
water-ice desorbs in states 2 ≤ v ≤ 7 but D2 formed on porous ice does not desorb with 
significant  vibrational  excitation.  Unlike  the  Cosmic  Dust  experiment,  vibrational 
states  with  v  >  7  and  rotational  states  could  not  be  probed  and  the  population 
distribution of the vibrational states could not be quantified. A full comparison with 
the Takahashi and Uehara model for icy mantles (i) cannot be made because model i 
predicts a ro-vibrational distribution which peaks at the v = 8 level. Congiu et al. also 
found that nascent hydrogen molecules will thermalize with other adsorbates for both 
porous and non-porous surfaces if the coverage reaches a saturation of ~ 1.8 × 10
14 
molecules cm
-2. Hence there should be minimal formation pumping for H2 formed in 
the icy dust mantles of dark clouds, irrespective of surface morphology, as dust grain 
surface coverages are 1.5 × 10
14  − 2 × 10
14 molecules cm
-2 for dark clouds. Again, 
this indicates that model m may be a more appropriate formation pumping model than 
model  u  or  model  i  for  interstellar  dark  clouds.  Congiu  et  al.  [58]  report  that 
observations of Lynds Dark Cloud 57 (or Barnard 68) were made by Lemaire and 
Field [64] in 2001 at ESO-VLT using the ISAAC instrument in spectroscopic mode 
using  the  K-band.  Despite  an  integration  time  of  5  hours,  no  H2  emission  was 
detected, hence formation pumping was not observed. Congiu et al. assert that this 
non-detection demonstrates that either that the emission line intensities put forward by 
Tine et al. [9] are not correct or that formation pumping does not occur due to de-
excitation of the H2 molecule on the grain surface. 
 
As aforementioned, Duley and Williams [10] and Tine et al. [9] consider dense, dark 
clouds as the ideal interstellar regions in which to observe formation pumping. Tine et   177 
al. [9] used theoretical calculations of H2 formation on a graphite surface via the Eley-
Rideal mechanism to generate H2 spectra. UV and collisional pumping processes, as 
well as formation pumping, were incorporated. Tine et al. [9] found that H2 formation 
pumping should be  evident for both diffuse  and dark clouds  and that the relative 
emissivities of lines due to formation pumping in dark clouds can be a factor of 500 
greater than in diffuse clouds. However, when observations of Lynds Dark Cloud 
1512 and Lynds Dark Cloud 1498 were made for the 1 – 4 S(4–9) lines from 1.47 – 
2.03  m using the CGS4 spectrometer on UKIRT, no H2 spectra were detected. The 
total on-source time was 49′ and 85′ for L1498 and L1512 respectively. The 3σ upper 
limit  to  the  non-detection  signal  for  an  integration  time  of  85′  was  found  to 
correspond to a line strength of 3.6 × 10
−20 W m
−2. This upper limit is just above the 
predicted line strengths of ~ 3 × 10
−20 W m
−2 arcsec
-2 assuming a pixel size of 1 
arcsec
2. Co-addition of the signal from the 100 rows may improve the S/N by a factor 
of ~ 10, assuming that the emission is uniformly distributed along the slit. This co-
addition has not  yet been performed. Takahashi and Uehara [13] also predict that 
spectral lines due to formation pumping should be detectable for clouds with density 
nH =1 × 10
3 cm
-3 using the Subaru-IRCS K-band echelle for an exposure time of 8 
hrs. However, no observations have yet been conducted to corroborate the work by 
Takahashi and Uehara. 
 
In  the  Casu  and  Cecci-Pestellini  radiative  transfer  code  models,  the  H-atom 
abundance increases with cloud density, although this is not a linear relationship. The 
higher H-atom abundance boosts the formation pumping mechanism. Therefore, lines 
in the spectra which have a significant formation pumping component, such as the 1 – 
0 Q(7) line for models d, b, c, i and s or the 4 – 2 O(3) line for model u, increase in 
flux when the density of a cloud is increased. By comparing Figure 4.19 and Figure 
4.20, it is apparent that that these formation pumping lines increase in strength with 
cloud density at a greater rate than the lines mainly due to collisional excitation, such 
as  the  6  –  4  O(4)  line  at  1.796   m.  In  the  spectra  presented  in  this  chapter,  the 
formation  pumping  lines  are  strongest  for  the  densest  clouds,  where  the  H-atom 
abundance is the greatest. It is also easier to differentiate between formation pumping 
models  using  stronger  lines  for  detection  and  fitting  purposes.  Consequently,  the 
spectra generated by the radiative transfer model indicate that the best dark clouds to 
search for a formation pumping signature would be the densest of the dark clouds, in   178 
accordance  with  work  by  Tine  et  al.  [9].  However,  it  is  not  conclusive  that  dark 
clouds  would  display  greater  IR  emission  from  formation  pumping  than  diffuse 
clouds, thus H2 in dark clouds may not be observable: as aforementioned, dark clouds 
may not exhibit formation pumping at all, as Congiu et al. [58] find that nascent 
molecular hydrogen may undergo de-excitation on the icy mantles of dark clouds. The 
results from the radiative transfer model show that the H2 line flux is dependent on the 
H-atom  abundance  and  the  results  from  the  chemical  model  confirm  that  H-atom 
abundances in dark clouds are very low and drop significantly for clouds of density nH 
≥ 1 × 10
4 cm
-3. In other words, dark clouds may not be the ideal region in which to 
search  for  a  signature  of  formation  pumping  because  the  hydrogen  is  mostly 
molecular and H abundances are low. 
 
Furthermore, the lines in the spectra presented in this chapter have fluxes ~ 10
-3 erg 
cm
-2 sr
-1 s
-1  m
-1 for dark clouds of density nH =1 × 10
3 − 1 × 10
6 cm
-3, generated by 
convolving with a Gaussian profile with line width of 5 × 10
-5  m. This corresponds 
to a surface brightness of ~ 2 × 10
−21 W m
−2 arcsec
-2, which is more than 10 times 
lower  than  the  predicted  value  of  Tine  et  al.  [9].  For  the  UKIRT  CGS4  echelle 
instrument, the 3σ30min sensitivity at 1.6  m, near the 4 – 2 O(3) line, is 8 × 10
-20 W 
m
−2 pixel
-1. The resolution of the echelle is 37 000 and pixel size is ~ 1 arcsec
2. 
Therefore,  it  would  take  over  500  hours  to  detect  one  line  from  the  H2  spectra 
presented in this chapter. Hence, the non-detection of a formation pumping signal 
from observations of dark clouds L1498, L1512 [9] and B68 [58] is unsurprising. 
 
Identifying formation pumping by means of diffuse cloud observations is non-trivial 
due to the prevalence of UV pumping. In diffuse clouds there is less shielding of the 
radiation field by dust than for the denser, dark clouds. UV photons can excite H2 to 
some higher electronic state, which then decays to ro-vibrational levels in the X state 
via a radiative cascade [11]. UV pumping dominates the population of ro-vibrational 
levels accessible via this pathway, although there may be some formation pumping 
component to the lines. Observations of the diffuse nebula, Messier 17, have detected 
the H2 6 – 4 O(3) emission line at 1.7326  m. This line has been ascribed to formation 
pumping  by  Burton  et  al.  [65].  Observationally,  a  marked  difference  in  spatial 
distribution was observed for the 6 – 4 O(3) line and 1 – 0 S(1), 2 – 1 S(1), 1 – 0 S(7) 
lines in M17 suggesting that these emission processes are not the result of the same   179 
excitation mechanisms. The topology and line intensity ratios of the 1 – 0 S(1), 2 – 1 
S(1), 1 – 0 S(7) lines suggest that they are due to UV pumping. Due to the differences 
in emission topology, Burton et al. conclude that at least some component of the 6 – 4 
O(3) line is not due to UV pumping. They estimate that the UV pumping component 
of the line in the steady-state regions of M17 is ~ 20 %, with ~ 80 % being ascribed to 
formation pumping. This detection may be the first direct astronomical observational 
evidence for formation pumping of H2 into the v = 6 level. However, the 6 – 4 O(3) 
line is not predicted to be strong by any of the formation pumping models u, d, b, c, i, 
s or m, although it must be noted that these spectra have been generated for dark, not 
diffuse clouds, hence the excitation mechanisms may be very different. Neither do 
Tine et al. [9] nor Takahashi and Uehara [13] predict a strong 6 – 4 O(3) line for their 
formation pumping spectra. This throws some doubt on the classification of the 6 – 4 
O(3) emission as a formation pumping line. It is possible that the Burton et al. spectra 
may integrate regions exposed to different excitation sources, leading to unexpected 
changes in spatial distribution of the spectral line strengths. 
 
In an earlier study, Burton et al. [66] also observed the reflection nebula NGC 2023, 
which is also a diffuse medium. An excess of emission of H2 in the v = 4 states was 
detected, which was found to be too great to be due to UV pumping alone. Burton et 
al.  speculate  that  this  excess  of  molecules  in  v  =  4  was  evidence  of  formation 
pumping, but signal-to-noise considerations meant that the results were not definitive. 
However, it is worth noting that the H2 spectra presented in this chapter also show that 
lines originating form the v = 4 ro-vibrational states are some of the strongest in dark 
clouds.   
 
Wagenblast detected H2 in states  v = 0, J = 0 – 7   in diffuse clouds [67]. From 
comparison with UV models, Wagenblast found that the populations of the J = 5, 6, 
and 7 levels were not consistent with UV pumping. Instead, these rotational states 
may have been populated by either collisions with H-atoms or by formation pumping 
of H2 into high J states. The UCL model (u) does not predict significant formation 
pumping into these high rotational states. However, the Cosmic Dust experiment has 
not yet searched for nascent molecules in rotational states with J greater than 9. It is 
feasible that such states could be populated if the rotational distribution of newly-
formed hydrogen is bimodal.    180 
 
Indirect  observation  of  formation  pumping  may  also  be  possible  through 
astrochemical and astrophysical effects. For example, Garrod et al. [68] find that the 
presence of internally excited H2 may lead to the formation of free radicals such as 
OH and CH
+, particularly in shocked regions. This is supported by the work of Weck 
and Balakrishnan [69], who find that at 100 K, the reaction of O(
3P) + H2 (v = 3) to 
form OH is 11 orders of magnitude higher than for the reaction of O(
3P) + H2 (v = 0). 
Furthermore,  vibrationally  excited  H2  molecules  will  be  easier  to  ionize  than 
molecules in the vibrational ground state [70], thus there will be consequences for 
interstellar chemistry. Specifically, H2 may undergo charge exchange with H
+, first 
forming H2
+ then subsequently forming an H3
+ ion [71]. As discussed in Chapter 1, 
H3
+ is a very important molecule in the ISM and is a precursor for species such as 
H2O.  Also,  the  release  of  the  H-H  binding  energy  during  formation  may  lead  to 
localized heating of the molecular cloud. A study by Roberts et al. [72] has shown 
that  if  only  one  CO  molecule  is  desorbed  per  100  H2  formation  events,  this  is 
sufficient to affect freeze-out onto grains, hence limit the depletion of gaseous CO in 
dark clouds. 
 
4.8  Summary 
A new H2 formation pumping model that is derived from HD formation experiments 
has been developed. We have characterized the H2 emission spectra that arise from 
this formation pumping model. The spectra were generated using a radiative transfer 
code  for  dark  clouds  and  the  effects  of  varying  astrophysical  parameters  were 
investigated. H2 IR emission was found to increase non-linearly with cloud density 
and temperature. Both the gas phase formation route of associative detachment and 
the  electron  fraction  were  found  to  have  negligible  effect  on  the  spectra  of  dark 
clouds. Varying the proton fraction from xH+ = 10
-4 – 10
-8
 was only found to change 
the spectral line strengths by less than 10 %. 
 
The new UCL  formation pumping model was then compared to other  established 
theoretically derived formation pumping models. If the spectra can be detected, then 
observations of the 1 – 0 S(7) line may help distinguish between the UCL formation   181 
pumping  model  and  most  other  formation  pumping  models  because  the  UCL 
formation pumping model (u) does not populate high rotational states. The 1 – 0 S(7) 
line is expected to be significantly stronger for models d, b, i, c, and s than for model 
u and for the case of no formation pumping, model m. Another way of obtaining a 
signature  of  formation  pumping  is  to  compare  line  strength  ratios.  For  clouds  of 
density nH = 1 × 10
6 cm
-3 at temperature T = 10 K, model u predicts that the strongest 
line will be the 4 – 2 O(3) line at 1.509  m. 
 
The H2 spectral line fluxes depend on the abundance of hydrogen atoms within the 
dark cloud. The H2 spectra do not scale linearly with N(H2). This is because in dark 
clouds, the H-atom abundances are low, due to the lack of photodissociation of H2 by 
UV radiation. A chemical model has been used to eliminate the possibility that there 
are extra channels of H2 destruction to augment the H-atom abundance. The chemical 
model found that the H-atom abundance drops for to n1 ~ 0.4 cm
-3 for clouds with 
densities  nH  ≥  10
4  cm
-3,  hence  there  is  no  increase  in  H-atom  abundance  due  to 
chemical destruction routes. Furthermore, the fluxes of the spectral lines presented in 
this chapter are ~ 10
-3 erg cm
-2 sr
-1 s
-1  m
-1, generated by convolving with a Gaussian 
profile with line width of  λ = 5 × 10
-5  m. Observation of one line is estimated to 
require  over  500  hours  of  integration  time  with  the  CGS4  echelle  instrument  on 
UKIRT. Thus detections of H2 spectra in dark clouds are probably not viable with 
current ground based telescopes, which may explain the non-detections of Lemaire 
and Field [64] and Tine et al. [9].  
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Chapter Five 
            
Conclusions and Further Work 
 
This thesis has described the use of the Cosmic Dust Experiment to probe the ro-
vibrational distribution of HD formed on highly–oriented pyrolytic graphite (HOPG) 
held  at  15  K.  The  results  of  the  experiment  were  extrapolated  to  create  a  new 
formation pumping model for H2. The observability of formation pumping in dark 
clouds was investigated using a radiative transfer model, with a chemical model used 
in  conjunction  to  perform  checks.  The  conclusions  of  these  studies  and  the 
astrophysical  implications  on  H2  formation  in  the  interstellar  medium  (ISM)  are 
presented in Section 5.1. This chapter will also outline the next stages for the UCL 
Cosmic Dust Experiment and the further work that may be carried out by means of 
the radiative transfer and chemical models in Section 5.2. It should be noted that some 
of the changes listed in Section 5.2.1 on the Cosmic Dust Experiment have already 
been made, although all the changes were implemented after the data presented in 
Chapter 3 were taken.  
 
5.1  Conclusions 
At the outset of this thesis, we posed a number of questions that are of importance in 
the field of astrochemistry. What is the formation mechanism for the recombination of 
H-atoms  on  an  interstellar  dust  grain?  Is  the  nascent  H2  molecule  formed  with 
significant internal and kinetic energy and can it be detected? Does the formation 
process cause heating of the dust grain?  
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Firstly,  let  us  tackle  the  question  of  the  formation  mechanism.  The  Cosmic  Dust 
Experiment conditions most closely resemble that of diffuse clouds, where the grain 
surface is relatively bare and the gas is mostly atomic. Important differences between 
regions  of  the  ISM  and  the  Cosmic  Dust  Experiment  are  the  surface  coverage, 
temperature  of  the  gas,  grain  morphology  and  the  chemical  composition  of  the 
surface. Therefore, in order to extrapolate our results, a working theoretical model of 
the  experiment  should  be  developed  which  can  be  used  to  probe  the  effects  of 
interstellar  conditions.  We  must  understand  fully  the  formation  mechanism  that 
occurs  on  the  HOPG  surface  and  apply  this  knowledge  to  the  more  complex 
environment of the ISM. As described in Chapter 1, there are three possible formation 
recombination  mechanisms  to  form  molecular  hydrogen:  the  Eley-Rideal  (ER) 
mechanism  where  one  gas  phase  atom  impacts  on  a  surface  bound  atom;  the 
Langmuir-Hinshelwood  (LH)  mechanism  where  both  atoms  are  bound  and  fully 
thermalized with the surface; and the hot atom (HA) mechanism where both atoms are 
bound to the surface but at least one atom is not fully thermalized. 
 
The coverage of the HOPG surface in the Cosmic Dust Experiment is much less than 
a  monolayer  [1,  2].  Therefore,  a  gas  phase  atom  is  unlikely  to  impact  on  a 
preadsorbed atom on the HOPG surface. Thus, ER reactions do not dominate HD 
formation and recombination proceeds via the LH or the HA mechanisms. For the 
Cosmic Dust Experiment, where the surface is held at 15 K and the temperature of the 
incident H- and D-atoms is T ~ 300 K, atoms and molecules are physisorbed to the 
surface because there is a barrier to chemisorption. Nevertheless, it is still possible 
that atoms chemisorb at defects. However, a strong chemical bond is likely to impede 
the mobility of an atom on the surface of the HOPG, such that chemisorbed atoms 
form molecules via an ER process. Thus it is improbable that defects dominate HD 
formation in the Cosmic Dust Experiment, as the ER mechanism is unfavourable at 
low  coverages.  By  the  same  argument,  chemisorption  (at  defects  or  otherwise)  is 
unlikely to dominate H2 formation in diffuse and dark clouds where the interstellar 
gas has low temperatures of T ~ 10 – 100 K [3]. Dust grains in diffuse clouds are 
bare; whereas in dark clouds, although the grains are covered by ice mantles, the gas 
is  mostly  molecular.  Subsequently,  surface  coverage  by  H-atoms  is  low  in  these 
clouds and ER reactions are improbable. Chemisorption is required in hot regions of 
the  ISM,  such  as  in  photodissociation  regions  (PDRs)  around  massive  stars,  to   190 
increase  the  residence  time  of  H-atoms  on  a  dust  grain  surface  in  order  for 
recombination to occur [4]. Hot atoms in PDRs of temperature T ~ 1000 K [5] are too 
energetic to bind to a dust grain surface by physisorption. Therefore in the ISM, the 
ER mechanism is important in PDRs and other hot regions only. 
 
From  coverage  considerations,  the  formation  mechanism  in  the  Cosmic  Dust 
Experiment must follow an LH or HA process, where the atoms diffuse across the 
surface  to  react.  No  thermal  activation  is  required  in  order  to  obtain  HD  signals, 
implying that the atoms are highly mobile on the HOPG surface. This is supported by 
the sequential dosing experiments of H + D recombination on amorphous solid water-
ice (ASW) conducted by Hornekaer et al. [6], where H and D atoms are also found to 
be  react  via  the  LH  or  HA  mechanism  and  be  highly  mobile  on  ASW  held  at 
temperatures down to 8 K. As the H- and D-atoms are at room temperature in both 
experiments, physisorption occurs on both ASW and HOPG surfaces; therefore it is 
probable that the recombination mechanism should be similar. Studies of molecular 
hydrogen formation on silicates have also confirmed the physisorption and mobility 
of  adsorbed  H-  and  D-atoms  [7].  Thus  H-atoms  are  mobile  on  dust  grains  in 
interstellar regions of low gas temperature and recombination follows an LH or HA 
mechanism given low surface coverage, widely independent of the chemical nature of 
the dust grain. 
 
As shown in Table 3.10, the rotational temperatures of the nascent HD molecules are 
246 K < Trot < 368 K, which is much higher than the HOPG surface temperature of 15 
K.  As  the  temperature  of  the  atomic  beam  is  T  ~  300  K,  the  high  rotational 
temperatures may suggest that the atoms have not fully thermalized with the HOPG 
surface  before  recombination.  The  reaction  is  more  likely  to  proceed  via  the  HA 
mechanism, where at least one of the atoms is not fully thermalized with the surface, 
rather than the LH mechanism. However, this result may be coverage dependent and 
therefore may not hold for the extremely low gas pressures in the ISM, although it 
must be noted that repeating experiments with the atom beams at half-pressure has no 
discernible effect on the rotational excitation of nascent HD. It is unclear whether H-
atoms in the interstellar medium have a longer time to thermalize with the dust grain 
surface before encountering another H-atom for recombination. Therefore, the  LH 
mechanism may still be important in interstellar regions.    191 
 
We now try to answer the next question: is the nascent H2 molecule formed with 
significant internal and kinetic energy and can it be detected? According to the results 
of  the  Cosmic  Dust  Experiment,  hydrogen  molecules  are  indeed  formed  with 
significant internal energy, with the ro-vibrational distribution of nascent HD peaking 
at v = 4, as presented in Figure 3.16. However, the experiment can only provide an 
upper limit to the kinetic energy of nascent HD. As explained above, the internal 
excitation may be dependent on the length of time that atoms are accommodated on 
the surface before recombination, thus the ro-vibrational excitation of interstellar H2 
may peak at v < 4 due to the low gas pressures in the ISM. There may also be some 
isotope effects on the ro-vibrational distribution [8], as the Cosmic Dust Experiment 
investigates  HD  formation  rather  than  H2  formation.  However,  earlier  work  by 
Creighan  et  al.  [2]  has  shown  that  there  is  no  discernible  difference  in  level 
populations for H2 and HD formed in vibrational states v = 1 and 2. A more important 
factor is the dust grain morphology, in particular the porosity of the surface. Both bare 
and icy grains may exhibit a microporous structure [9-11]. Although atoms are mobile 
on porous grains [6, 12, 13] and recombination is efficient [6, 14-16], the nascent 
hydrogen molecules are found to thermalize in the pores, losing kinetic and internal 
energy [6, 16]. Therefore, although the H2 molecule may originally form with ro-
vibrational excitation, collisions with pore walls may mean that there is no apparent 
formation pumping of molecules which have escaped the grain surface.  
 
In the case of no formation pumping, the most likely ro-vibrational distribution of 
nascent H2 molecules is the population of the lowest possible levels v, J = (0, 0) and 
(0, 1) in the ratio 1:3 as described by model m in Chapter 4. For H2 spectra in dark 
clouds generated for model m, see Figures 4.17 and 4.18. By use of the Casu and 
Cecchi-Pestellini radiative transfer code, characteristic spectra have been generated 
for different formation pumping mechanisms. However, limits in telescope sensitivity 
mean that the H2 spectra presented in Chapter 4 are currently undetectable, regardless 
of  the  degree  of  formation  pumping.  The  reasons  for  this  are  twofold.  Firstly,  as 
discussed in Chapter 1, H2 IR emission occurs via quadrupole transitions which are 
very weak; H2 is known to be difficult to detect, hence CO is often used instead to 
calculate the densities of molecular gas [17]. Secondly, although the abundance of H2 
is extremely high in dark clouds, very few of these molecules are ro-vibrationally   192 
excited due to formation pumping; there is comparatively little recombination in dark 
clouds. The H2 formation rate is dependent on the number of H-atoms, n1, and the 
density of the dust grains. The density of dust is known to be proportional to nH 
throughout the Galaxy [3]. Checks carried out using the chemical model UCL_CHEM 
1999 have shown that the abundance of atomic hydrogen drops to n1 ~ 0.4 atoms cm
-3 
in dark clouds with nH ≥ 10
4 cm
-3. The transition regime between diffuse and dark 
clouds, namely translucent clouds, have n1 = 66 cm
-3 and nH = 10
3 cm
-3 as shown in 
Table  4.3,  so  should  exhibit  a  greater  H2  formation  rate  than  dark  clouds  and  be 
relatively free from UV pumping in comparison to diffuse clouds. Hence from the 
results presented in this thesis, it seems unlikely  that  a formation pumping signal 
could be observed in dark clouds, with translucent clouds being a more favourable 
alternative. 
 
The final question posed at the outset of this thesis concerns the heating of the dust 
grain by H2 formation. It has long been suggested that the release of the H2 binding 
energy may liberate volatiles from the grain surface [18]. Astrochemical modelling by 
Roberts et al. [10, 19] has shown that grain heating may have a significant impact on 
CO abundances if only one CO molecule desorbs each time 100 H2 molecules are 
formed. In fact, desorption of adsorbates on dust grains resulting from H2 formation is 
known to occur: data by Govers et al. [20, 21] indicates that on average at least one 
D2 molecule is desorbed per H-atom recombination event. Also, observations of the 
Taurus dark cloud imply that the sticking efficiency of CO is lower than expected by 
theoretical models due to desorption of CO by H2 formation [22]. The results of the 
Cosmic Dust Experiment are that on average at least 40 % of the binding energy, 
namely 1.66 – 2.65 eV, is imparted to the surface during HD formation. However, if 
this much energy were transferred efficiently to volatiles in the dust mantle during H2 
formation, then > 20 molecules could be desorbed per recombination event, thereby 
preventing  any  build-up  of  ices  in  dark  clouds  [19].  Thus,  desorptive  heating  of 
volatiles by H2 formation is known to be inefficient. The thermal conductivity of dust 
grains  is  unclear,  although  dust  grain  size,  density  and  chemical  compositon  are 
known to affect how the energy spreads through the phonon bath of the surface [18]. 
Furthermore,  as  explained  previously,  on  porous  grains,  the  internal  and  kinetic 
energy of H2 molecules will transfer to the pore walls via repeated collisions, thus it is 
probable that most of the H2 formation energy is lost to dust grains in the ISM.   193 
5.2  Further Work 
5.2.1  On the Cosmic Dust Experiment 
 
There is still more work to be done on the formation mechanism of HD in the Cosmic 
Dust Experiment. In order to further constrain the upper limit of ~ 1 eV determined in 
Chapter 3 for the translational energy of nascent HD molecules, a position-sensitive 
detector (PSD) has been installed. PSDs have been employed in many experiments to 
investigate the dynamics of both unimolecular and bimolecular reactions of molecular 
dications [23]. As explained in Chapter 2, the nascent HD molecules must be ionized 
via REMPI in order to be detected. The translational energy of an HD
+ ion can be 
determined  quantitatively  using  the  PSD,  which  consists  of  a  position-sensitive 
microchannel  plate  (MCP)  and  a  time-of-flight  mass  spectrometer  (TOFMS).  A 
schematic  of  this  arrangement  is  shown  in  Figure  5.1.  The  trajectory  of  the  ion 
through the drift tube of the TOFMS is used to calculate the translational energy. 
Stationary ions travel straight through the drift tube, whilst ions with some kinetic 
energy have anisotropically distributed velocities, hence they will travel to different 
places on the MCP of the PSD. The x and y positions of impact of the HD
+ ion on the 
MCP can be established, hence the velocity of the ion can be determined.  
 
H2 is by far the most abundant molecule and is the precursor for most of the chemistry 
in the ISM. Therefore, the energy budget of many reactions in the interstellar medium 
could be clarified when both the translational and ro-vibrational excitation of H2 are 
known [24-26]. As already discussed, when HD is formed by heterogeneous catalysis 
on an HOPG surface, the released binding energy is partitioned between internal and 
kinetic  energy  of  the  molecule  and  heat  lost  to  the  surface.  The  average  internal 
excitation of the HD molecule has been determined to be ~1.83 eV, neglecting the 
populations of the v″ = 0 state and other non-detected ro-vibrational states. Therefore, 
the value of the translational energy determined using the PSD could then be utilized 
to determine the amount of heat lost to the HOPG surface during the HD formation 
process. More knowledge of the grain heating process would help elucidate problems 
relating to the growth of icy mantles on dust grains in the ISM [10, 18, 19, 22].  
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Figure 5.1  Schematic diagram to show the possible trajectory of ions in the TOFMS with 
PS MCP detector installed. 
 
To further simulate the conditions of the ISM, where typical temperatures of the gas 
are T ~ 100 K in diffuse clouds and T ~ 10 K in dark clouds [9, 11, 27, 28], a method 
of cooling the H- and D-atoms has been employed. Cooling of the atoms has been 
achieved by piping the atomic beams through an aluminium block attached to the 
helium cold head directly before the atoms impinge on the HOPG. The current set-up 
of the experiment cools the atomic beams to T = 45 K.  
 
Although no new data has been taken as yet, we can speculate on the effects of cold 
atoms  on  the  formation  mechanism.  Cold  atoms  may  have  higher  sticking 
probabilities  and  longer  residence  times  on  the  HOPG  surface,  thus  may  attain  a 
greater degree of thermalization with the 15 K surface. Therefore, the recombination 
process  may  become  marginally  more  like  the  LH  mechanism  at  low  atom  beam 
temperatures.  Technically,  if  there  is  no  effect  on  the  ro-vibrational  excitation  of 
nascent molecules as a result of reducing the atomic temperature, then this indicates 
that the molecules thermalize with the surface using both cool (45 K) and warm (~300 
K) atoms. Thus the recombination process occurs via the LH mechanism. However, 
the change in temperature of the atoms corresponds to an energy of only ~ 22 meV. 
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HD levels (v, J) = (4, 1), (4, 0) and (3, 1) have energies of 1.911 eV, 1.902 eV, and 
1.529 eV respectively. Therefore, it is unlikely that such a small change in atomic 
temperature could affect the vibrational distribution of the HD molecule, although a 
reduction in rotational excitation is feasible. Indeed theoretical work by Kerkeni and 
Clary [29] shows no strong effect on the ro-vibrational excitation of nascent H2 with 
H-atom translational energy. 
 
As described in Chapter 1, interstellar dust grains are very different from an HOPG 
surface. Interstellar dust may consist of silicates and oxides as well as carbonaceous 
material.  Thus  other  interstellar  dust  grain  analogue  surfaces  such  as  olivine,  a 
mixture  of  Mg2SiO4  and  Fe2SiO4,  could  be  investigated.  There  have  been  many 
experimental  studies  of  molecular  hydrogen  formation  on  olivine  [30,  31]  which 
could be compared to the results of the UCL Cosmic Dust Experiment. It has also 
been predicted that H2 formed on olivine should exhibit less internal excitation than 
H2 formed on graphite [32]. Hence, we would expect HD formed on olivine to be less 
ro-vibrationally excited than HD formed on HOPG, with the vibrational distribution 
peaking  at  v  <  4.  Similarly  ASW  surfaces  could  also  be  investigated.  Particular 
comparison could be made with the work of Amiaud et al. [33], which has shown that 
molecular hydrogen is formed on non-porous ASW in vibrational states v = 1 – 7, 
although  the  ro-vibrational  distribution  could  not  be  determined  and  no  other 
vibrational states could be probed outside this range. The results of Amiaud et al. 
could be quantified using the Cosmic Dust Experiment.   
 
5.2.2   On H2 Spectra 
 
There are many parameters in the Casu and Cecchi-Pestellini radiative transfer code 
that may be varied and sensitivity tests should be carried out for as many parameters 
as possible. In particular, the cosmic-ray ionization rate, ζ, should be investigated, as 
work by Le Bourlot et al. [34] has shown that cosmic rays can produce observable H2 
spectra if ζ = 10
-14 s
-1. In accordance with the work in this thesis, Le Bourlot et al. 
find that H2 spectra generated with the standard cosmic-ray ionization rate of ζ = 10
-17 
s
-1 are not observable in dark clouds. An increase in cosmic rays liberates H-atoms, 
thus is expected to significantly boost the formation pumping signal. Other parameters   196 
not yet investigated due to time constraints include helium fraction, total-to-selective 
extinction ratio and gas-to-dust ratio.  
 
In Chapter 4, it was calculated that the line strengths of the H2 spectra generated using 
the  Casu  and  Cecci-Pestellini  radiative  transfer  code  are  not  strong  enough  to  be 
detectable in dark clouds. The non-detection from the observations of Tine et al. [35] 
in dark cloud Lynds 1512 give an upper limit for the spectral line strength of 3.6 × 
10
−20 W m
−2, which is more than 10 times greater than the value predicted in this 
work using the Casu and Cecci-Pestellini code. Tine et al. assert that co-addition of 
their  observations  could  boost  the  signal-to-noise  by  ~  10,  hence  this  co-addition 
should be carried out. If the new H2 spectra are correct, then co-addition should not 
result  in  detection  of  formation  pumping,  but  the  upper  limit  of  the  spectral  line 
strengths will at least be further constrained. 
 
The study could also be extended to diffuse clouds and compared to the extensive 
observations of OMC Peak-1 made by Rosenthal et al. [36] from 2.4 to 28 µm, which 
were used to calculate H2 ro-vibrational level populations up to v = 4. Although the 
detection  of  formation  pumping  in  dark  clouds  may  be  beyond  the  limits  of  the 
current  telescope  sensitivity,  studies  of  diffuse  and  translucent  regions  may  prove 
more  fruitful.  The  formation  rate  of  H2  may  be  greater  in  these  regions  as  the 
abundance of H-atoms is expected to be ~ 10 – 100 cm
-3 in diffuse atomic clouds 
[37].  The  abundance  of  H-atoms  in  diffuse  clouds  could  be  predicted  using 
UCL_CHEM 1999. The H-atom abundance could then be set to the correct value in 
the radiative transfer code, thereby taking into consideration chemical channels; thus 
H2 spectra could be generated for diffuse clouds. However, diffuse regions are more 
easily penetrated by the UV field, resulting in significant UV pumping, hence any H2 
spectra would be more difficult to interpret. 
 
5.3  Summary 
The Cosmic Dust Experiment probes the ro-vibrational distribution of HD formed via 
heterogeneous recombination of H- and D-atoms on an HOPG surface held at 15 K, 
under ultrahigh vacuum conditions. This state-of-the-art experiment has confirmed   197 
that  HD  is  formed  with  significant  internal  excitation,  at  least  on  a  non-porous 
surface.  The  recombination  process  is  thought  to  follow  the  HA  or  the  LH 
mechanism.  The  complete  ro-vibrational  population  distribution  of  HD  has  been 
presented in this thesis, which peaks at the v = 4, J = 1 state. A radiative transfer code, 
written by Casu and Cecchi-Pestellini was employed to generate H2 spectra, which 
may be used to distinguish between formation pumping mechanisms. However, the 
rate  of  H2  formation  in  dark  clouds  is  thought  to  be  slow  due  to  low  atomic 
abundances, thus the H2 spectra are too weak to be observed. 
 
This chapter has also described how the study of formation pumping may be extended 
by means of the radiative transfer code and UCL_CHEM 1999. Existing observations 
could also be employed to constrain the upper limit of the line flux of H2 spectra in 
dark clouds. The Cosmic Dust Experiment will continue to probe HD formation by 
utilizing cold atom beams at 45 K. The use of the new PSD should also allow a 
complete  investigation  of  the  energetics  of  nascent  HD.  Thus,  the  Cosmic  Dust 
Experiment could clarify many issues of significance in modern astrochemistry. 
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